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ABSTRACT
This dissertation presents an experimentally verified 
numerical simulator to predict dynamic loads imposed on 
diverter systems during the well unloading following a 
shallow gas blowout event.
Chapter I presents an overview of important aspects 
of well control and diverter systems. Also in this 
chapter, the objective of this research is precisely 
defined. The following chapter reports the latest efforts 
of the oil industry to provide diverter systems with more 
reliable designs and operational procedures.
In Chapter III, the apparatus and procedures for the 
experimental work are discussed. Nine experimental runs 
have been conducted and the results are reported in a 
graphical format. Also in Chapter III, an experimental 
simulator for a gas reservoir is described and its 
performance is evaluated.
Chapter IV is devoted to the derivation of a 
numerical simulator for determining dynamic pressure loads 
imposed on diverter systems during well unloading 
experiments. The simulator is based on an unsteady state 
two-phase flow methodology that solves a system of flow 
differential equations by using the method of finite 
differences. Two-phase critical flow phenomenon is 
considered by the simulator.
xiii
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The following chapter describes the implementation of 
this procedure in a computer program. Simulation results 
have shown an acceptable agreement to the experimental 
data.
In Chapter VI the computer program is modified to 
simulate real diverter operations. A gas reservoir 
mathematical model has been developed and incorporated 
into the modified computer program. Four field cases have 
been analyzed.
The last chapter shows important conclusions drawn 
during the development of this research and 
recommendations for future work.
xiv
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CHAPTER I
INTRODUCTION
A very dangerous and expensive situation in the oil 
industry is the control of fluid eruptions that might 
occur while drilling a well. These fluid eruptions occur 
when the pressure of a drilled formation containing the 
fluid becomes greater than the hydrostatic head generated 
by the drilling fluid in the wellbore, and the formation 
permeability is high enough to allow the flow of that 
fluid into the wellbore. When the invading fluid, commonly 
called kick, is water or oil with a low gas-oil ratio, its 
removal from the wellbore is normally performed safely and 
quickly. However, if the invading fluid is gas, the well 
control becomes more complicated owing to the compressible 
nature and higher mobility of this type of fluid.
Independently of the nature of the invading fluid, 
its presence inside the wellbore should be detected 
promptly and its removal from the drilling system should 
be performed safely, competently and completely. 
Unfortunately, in some instances - either the fluid inflow 
is undetected in earlier stages or the removal procedure 
is improperly conducted - the well control is lost 
incurring a situation named a blowout. Thus, a blowout
1
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2is the uncontrolled flux of formation fluid or fluids from 
the wellbore. Blowout events are normally catastrophic. 
They may result in the loss of drilling equipment, the 
drilled well and hydrocarbon reserves as well as loss of 
lives. Usually millions of dollars are spent just bringing 
under control a blowing well.
Blowouts can be grouped into two categories: (a) if 
the flow occurs from the producing formation to another 
without reaching-the surface they are called underground 
blowouts and (b) if the invading fluid is produced to the 
atmosphere or to the seafloor they are named surface 
blowouts. Underground blowouts do not pose an immediate 
threat to the drilling rig and its personnel; however, 
they should be avoided because they may result in costly 
corrective operations. Pressurization of upper formations 
can be a product of an underground blowout. On the other 
hand, surface blowouts are extremely dangerous to the 
drilling rig personnel and equipment integrity. They are 
normally catastrophic and costly.
Blowouts can even be more disastrous when they occur 
in offshore drilling. The longer time required to evacuate 
the offshore rig personnel, the possibility of 
environmental disasters caused by offshore hydrocarbon 
spills, and the complexity and higher cost of the 
operations to bring the blowing well under control are 
some important aspects that emphasize the necessity for an 
adequate well control under impending blowout situations.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3This includes the knowledge and the use of the best 
drilling and well control techniques available currently, 
the adequate use and maintenance of the rig safety 
equipment, and a well-trained drilling crew able to handle 
successfully a threat of blowout.
Kicks are potentially dangerous when shallow 
gas-bearing zones are drilled out. These kinds of
formations are commonly found in young sedimentary basins, 
especially in marine environments. These gas pockets 
result from the accumulation of gas in permeable 
formations located at only hundreds of feet beneath the 
seafloor. Statistical data for the North Sea area from 
1965 to 1981 (Kaarstad, 1984) show that at least three 
blowouts out of seven were related to shallow gas-bearing 
formations. Blowouts at shallow depths are also
predominant in other locations, such as offshore Gulf of 
Mexico. According to a study on blowout events in the Gulf 
Coast area covering the period between July 13, 1960 and 
January 1, 1585 (Hughes, 1987), 88 cases occurred in
shallow wells - less than 3280 feet of drilled depth. Gas
inflow into the wellbore was responsible for 93% of all
shallow well blowouts according to that study. Shallow gas 
blowouts are normally dangerous because the gas inflow 
early detection is difficult at shallow drilling depths 
and because of the fast expansion of the gas within the 
wellbore. In addition, the gas reaches the surface in a 
very short time.
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hAny time that a kick is taken, the rig crew must be 
able to promptly act to avoid a blowout situation. The 
normal procedure followed by the rig personnel just after 
the detection of a kick is to stop the rotary table - if 
the kick is taken during the drilling operation - and pick 
up the kelly until a tool joint is shown above the rotary 
table. The next step is to shut down the pump and check 
for flow. If the well does not react, the drilling can be 
resumed carefully. However, if the well is flowing, it 
should be shut in. The technique of closing the well has 
some advantages as described in the IADC Well Control 
School Manual published by the Louisiana State University 
(1984):
1) The flow is stopped immediately, keeping the 
volume of the invader fluid to a minimum;
2) Formation pressure can be inferred from the 
shut-in pressure readings on the surface, and the kill mud 
weight can be computed;
3) The kick can be circulated out by using an 
appropriate conventional well control method;
4) The well is kept under control during the whole 
killing operation.
Sometimes, the shut-in technique can also be applied 
to a shallow gas kick. When this is the case, three 
situations can occur depending upon the kick volume taken, 
the kick generating formation pressure, the fracture
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5pressure of the exposed formations and the depth of the 
casing seat:
1) The exposed formations withstand the pressures 
generated on and after shut-in, and the closure pressures 
- drill pipe and casing - stabilize at safety valves.
2) The formations, especially the shallowest ones, do 
not resist the pressures on shut-in and fracture, but the 
kick fluid is confined to the subsurface. This is an 
underground blowout situation.
3) The weakest exposed formation fractures on shut- 
in and the invader fluid broaches to the surface around 
the conductor casing or through fractures just open in the 
shallow sediments.
The latter possibility is by far the most undesirable 
consequence of the well closure after a detection of a 
shallow gas kick. It was responsible for catastrophic 
events in the past. The Santa Barbara Channel blowout in 
1968 is a typical example. Many other blowouts had the 
same cause reported. They are especially dangerous to 
seafloor- founded drilling units, such as jack-ups, 
because of the possibility of cratering around the rig 
foundation and the release of inflammable gases beneath 
the drilling unit. When these possibilities are present, 
another technique might be used instead of shutting the 
well in.
The oil industry has been using an alternative 
technique for situations where the well closure after a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6kick detection is not recommended. This technique consists 
of diverting the gas flow from the well and away from the 
rig and allowing the well to flow out of control until it 
is killed by a dynamic kill procedure, bridges or 
depletes. The flow diversion is accomplished by a set of 
valves and flow lines called a diverter system.
A diverter system consists of four elements: annular 
preventer, diverter vent lines, valves, and conductor 
casing. These elements are shown in Figure 1.
The annular preventer is design to pack-off around 
the kelly, drilling string or casing and to direct the
i
flow to the diverter lines. It operates at low pressure 
and should have an internal bore large enough to allow the 
bottom hole assembly to pass through it.
The diverter system normally has two vent lines 
coming off the well in opposite directions. Two lines are 
preferred because they provide back-up in case of failure 
of one line and more flexibility concerning the wind 
direction during the diversion operation. To minimize 
backpressures generated within the diverter systems, the 
lines should be as large as possible. A minimum diameter 
of 6 in. is required by current regulations of the U. S. 
Minerals Management Service (MMS).
Valves are normally remote controlled and must be 
opened when the annular preventer is closed. To reduce 
backpressures on wellbore any valve in the diverter lines 
must be full-opening.





FULL OPENING VALVEFULL OPENING VALVE
nVENT LINE *1  
DIVERTER SPOOL
VENT L IN E *2
—  CONDUCTOR PIPE
Figure 1 Components of a diverter system (after Beck, 1986)
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8The conductor casing provides a way to support the 
wellhead equipment (annular preventer, bell/flow nipple, 
flow lines) and the hydrostatic head of the flowing fluid 
from its shoe to the bell/flow nipple. The depth at which 
the conductor shoe is set is usually a function of the 
experience obtained in drilling a certain area. A recent 
paper by Beck et al (1987) proposes a design method 
whereby the depth of the conductor string is considered in 
an overall diverter design.
The oil industry has been using diverter systems as 
an alternate means of controlling shallow gas events for 
more than twenty years. Indeed, regulations require the 
installation of such systems in many places of the world. 
As an example, the Mineral Management Services requires 
diverter systems to be installed on drilling rigs when 
operating in federal waters.
On many occasions, diverter systems have successfully 
handled shallow gas inflows and saved the drilling rig, 
but in some others, they were not able to safely handle 
shallow gas kicks. The Mineral Management Services OGS 
report 84-0029 cites failure rates as high as 61% in the 
Gulf of Mexico (Ocean Industry, 1986). The same report 
categorized the failures according to the type of 
occurrence into: (1) excessive pressure and/or flow rate
(45%), (2) inoperative diverter valves (37%), and (3)
broaching around the casing (18%). The MMS also reported 
that through 1983, two-thirds of the 276 cases of diverter
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
usage in the Gulf of Mexico were considered unsuccessful 
(Beck, 1986). These high failure rates justify the recent 
efforts to make diverter systems more safe and reliable.
Several studies were conducted to improve the design 
and operating practices of such devices. The majority of 
these studies pointed out the primary causes of diverter 
system failures, and solutions were proposed to improve 
the ability of such systems in handling shallow kicks 
properly. Briefly, the most common modes of failure 
reported and the solutions proposed are:
(1) Valve malfunction - if the diverter valve fails 
to open before the annular preventer is closed, the well 
becomes shut-in and excessive back pressure will be 
transmitted to the diverter system and uncased formations. 
This can lead to broaching of formations or rupture of the 
conductor. A well-trained crew able to carry out a good 
maintenance program and to operate properly the diverter 
when required helps to minimize or even to avoid this mode 
of failure. Simpler designs, with a minimum of components, 
also reduce the risk of malfunctions.
(2) Erosion - the erosive effects of the flowing 
fluids (high flow rates and sand production) can, in a 
short time, disable a diverter system. Consequently, 
elbows, tees and valves should be kept to a minimum, and 
the vent lines should be as straight and short as 
possible. The inside diameter of the vent lines should be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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properly sized. These steps reduce the risk of failure by 
erosion.
(3) Annular preventer malfunction - in some 
instances, the annular preventer fails to seal the 
wellbore around the kelly or the drill string. Defective 
closing systems and fast erosion of the packing-element 
are the two most common types of annular preventer 
malfunction. Good maintenance, effective crew training and 
use of a fast closing annular prevent are important 
measures to mitigate the possibility of failure.
(4) Formation failure - The broaching of the 
formation around the marine conductor poses a serious 
threat to the rig foundation. In addition, the 
accumulation of explosive gases beneath the rig creates a 
fire hazard. Formation failure is caused by excessive 
backpressure generated by the diverter system. This 
excessive backpressure is commonly caused by improper 
sizing and configuration of piping and other components of 
the diverter system. Therefore, proper design criteria 
play an important role in reducing the excessive 
backpressure imposed on the whole diverter system during 
its usage.
These studies undoubtedly improved the design 
criteria and operating practices of diverter systems. An 
important contribution brought by them was to provide the 
system designers with a better understanding of the 
physics involved in the steady state flow of gases and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
gas-liquid mixtures at very high flow rates. New concepts 
such as critical flow and the kinetic energy term of the 
energy equation were incorporated into the previous design 
criteria, improving the efficiency of such systems.
These new design criteria, however, are based on the 
steady state flow condition which is not the prevailing 
one during the well unloading just after a gas kick event. 
Pressure loads generated during the unloading phase are 
expected to be greater than those predicted by methods 
based on steady state flow conditions. This can be seen in 
Figure 2 that displays the values of pressure readings at 
a sensor installed on a diverter line 65 ft from the exit 
end during a full-scale experimental simulation (to be 
described in chapter III) of a well unloading. The graph 
shows a gradual increase in the surface pressure value 
followed by a sudden peak of pressure that occurs when the 
gas reaches the surface. Afterwards, the pressure nearly 
stabilizes at a constant value. The recent studies have 
focused attention only on the last portion of the curve 
which represents the steady state conditions. In doing so, 
the investigators have ignored the sharp increase in the 
surface pressure observed when the gas surfaces. This can 
be dramatically greater than those values of pressure 
predicted by steady state models. It may be important to 
consider these pressure transients in diverter system 
designs.


















TYPICAL DIVERTER PRESSURE BEHAVIOR 




















The necessity for a better understanding of the 
unsteady state conditions existing during the well 
unloading following a gas inflow event motivated the 
present research. Its primary objective is to predict the 
pressure loads, especially the conspicuous peak described 
above, generated under unsteady state conditions during 
the well unloading phase. Diverter failures due to erosion 
effects and valve malfunctions are not analyzed in this 
study.
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CHAPTER II
LITERATURE REVIEW
The objective of this chapter is to review some 
published works on diverter systems conducted prior to 
this writing (February, 1987). The primary objective of 
these works was to improve the design and the operating 
practices of diverter systems to make their usage safer 
and more reliable during a shallow blowout.
One of the earliest works on improvement of diverter 
systems was done by Beall (1984). The main objective of 
that work was to question the industry accepted approach 
that diverter systems are always a reliable mechanical 
solution to shallow gas blowouts. He mentioned that in a 
period of two and one-half years, six rigs equipped with 
diverter systems were damaged or destroyed by shallow 
blowouts. The paper presented a brief description of the 
origin of shallow gas-bearing formations and the potential 
risk of penetrating such formations. It also pointed out 
that the technique of shutting down the mud pump while 
closing the diverter in a shallow gas event is not 
adequate because it enhances the gas flow rate. 
Additionally, it was mentioned that plugging and cutting 
out of the flow lines, valve malfunctions and leaking
14
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elements are common causes of diverter system failures 
while attempting to control a shallow gas kick. Dynamic 
kill procedures to control a well shut in by a diverter 
system were analyzed, and a graph showing the very high 
pump rate required to effect a dynamic kill as a function 
of the gas flow rate and borehole size were provided. For 
floating rigs, the author advocated the drilling of the 
conductor hole without a marine riser. The paper did not 
make any attempt to improve diverter designs or operating 
practices, but it was one of the pioneer works to make the 
oil industry focus attention on the inadequacy of current 
diverter system design practices and operations.
In the beginning of 1986, Griffin published a paper 
on sizing of diverter systems (Griffin, 1986). The article 
basically presented a numerical procedure to determine 
whether an installed diverter system is large enough to 
handle a shallow gas blowout without cratering. The 
procedure was used to show that an undersized diverter 
system was responsible for a jack-up rig loss in 1974. The 
system had 8-inch diverter lines, but the fluid was forced 
to flow through a 4-inch outlet below the annular 
preventer. The procedure is very straightforward and 
suitable for implementation in digital microcomputers. 
Griffin's method considers the reservoir transient radial 
flow to estimate the bottomhole flowing pressure and the 
critical flow effects. However, the model is essentially 
steady state and does not account for the kinetic energy
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term of the energy equation when calculating the pressure 
losses inside the diverter lines. All necessary equations 
were provided in the paper. Based on his calculations, 
Griffin suggested that diverter systems should have a 
12-inch vent line to be considered safe. He also mentioned 
that calculations based on two phase flow indicated that 
the pressure at the conductor shoe would increase when 
pumping seawater to reduce the gas flow rate. 
Consequently, he suggested that the injection of seawater 
should be avoided.
In 1986, Roche published a paper on several proposed 
improvements in the designs of diverter systems (Roche, 
1986). He discussed the most important causes of diverter 
systems failures and suggested some improvements on 
diverter systems which would lead to a safer handling of 
shallow gas kicks. He pointed out that human errors are 
often a factor in diverter system mishaps. The most common 
errors are related to:
a) poor design criteria which do not account for the 
dynamic loads and the erosive effects of the flowing 
fluids;
b) complicated configurations with too many valves 
installed, and with long and tortuous vent lines;
c) Selection of equipment which cannot withstand the 
loads and erosion during a diverter operation.
He also stated that good communication among the 
people involved in the drilling operation and proper well
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control practices can minimize the number of diverter 
system usages. Some of the improvements suggested by Roche 
are shown as follows:
a) The design of diverter systems should account for 
the worst service conditions (dynamic loads, erosive 
effects, etc), and all elements of the system should be 
designed, sized, built, installed and used properly.
b) The systems should be as simple as possible. The 
number of valves should be reduced to minimize the risk of 
malfunctions. The vent lines should be short and properly 
sized and with minimum of turns.
c) A piston actuated, annular packing unit similar to 
that used in annular blowout prevents should be installed 
in the system instead of inflatable cylindrical bladders.
The failures of diverter systems related to excessive 
backpressure were extensively analyzed by Beck (1986). He 
showed experimentally and theoretically that critical flow 
effects and the kinetic term of the energy balance 
equation play a significant role in the value of the 
surface backpressure during a diverter operation. Beck 
gathered a large amount of experimental data to test 
theories of critical flow for dry gas and gas-water 
mixtures. He used two steel line pipes 42 feet long, one 
with a nominal diameter of 1 inch and the other of 2 
inches, to model diverter lines. Flowing dry gas and water 
through the model, he recorded exit pressure and traverse 
pressures along the pipe as a function of gas and water
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flow rates at steady state flow conditions. The 
experimental results confirmed that critical flow does 
have a-significant effect on the exit pressure. Beck also 
presented the theory concerning the estimation of critical 
velocities and traverse pressures for dry gas and 
gas-water mixtures and compared the theoretical 
predictions with the experimental data. From this 
comparison, he concluded that his theoretical formulation 
was able to predict exit pressures at critical flow rates 
with reasonable accuracy and that two-phase critical flow 
results in higher exit pressures than those generated by 
the critical flow of dry gas. Another important conclusion 
was that the pressure losses generated by the increase of 
the kinetic energy when the gas or the mixture approaches 
the diverter line exit cannot be ignored while calculating 
the traverse pressures.
In the same work, Beck showed the applicability of 
system analysis in estimating design loads on diverter 
systems during diverter operations and in evaluating the 
performance of such systems. This method can be used to 
predict the flow rate and flowing pressures at any point 
within the diverter system. By comparing the predicted 
flowing pressure with the fracture pressure of the exposed 
formations, Beck developed a method to estimate the 
adequate combination of diverter line diameter and the 
depth at which the conductor should be set. He illustrated 
the method with data from an actual blowout in the Gulf of
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Mexico. The well was placed on two 6-inch diverter lines, 
but they were not able to avoid the cratering around the 
rig foundation and the subsequent loss of the rig. Beck's 
analysis showed that the cratering around the rig could 
have been avoided if the rig had been equipped with a 10- 
inch vent line rather than two 6-inch lines.
In 1987, Beck, Langlinais and Bourgoyne presented a 
paper on an analysis of the design loads on a well during 
diverter operations (Beck et al, 1987). This paper 
incorporated experimental results in a 6-inch (nominal) 
diverter model to those previously reported by Beck. It 
was found that the predicted values of critical flow rate 
for a gas-water mixture flowing in the 6-inch diverter 
were underestimated. Good agreement was attained for this 
situation after the introduction of a correction factor as 
a function of the vent line diameter. Also, the errors in 
the values of estimated traverse pressure for the 6-inch 
diverter were considered acceptable. The experimental 
results and the theoretical formulation described in that 
paper were based on steady state flow conditions.
The last paper to be discussed in this chapter has 
the title "Method for Determining the Feasibility of 
Dynamic Kill of Shallow Gas Flows" by Koederitz, Beck, 
Langlinais and Bourgoyne (1987). They presented a 
systematic procedure for estimating loads imposed on the 
well and the diverter system during a dynamic kill 
operation. The procedure uses the formulation developed by
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Beck for modeling diverter operations with a modification 
to account for injection of liquid into the well during 
the blowout control operation. The importance of this 
paper was to point out that a dynamic kill operation 
imposes loads on the well and diverter system which should 
be accounted for during the system design and planning of 
the well control operations. The authors illustrated the 
application of the procedure through two hypothetical 
examples which simulated typical drilling situations. The 
analysis of these two examples led to two important 
conclusions: (1) diverter lines should have a diameter
larger than 6 inches and (2) the drilling of small 
diameter pilot holes can be beneficial in situations where 
a dynamic kill might be used.
The works discussed in this chapter indubitably 
brought new concepts and techniques that made the design 
and operation of diverter system more reliable. However, 
none of them investigated the magnitude of dynamic loads 
generated during the well unloading or later if a dynamic 
kill operation is attempted. Thus, this current work aims 
to provide an experimentally verified method for 
determining the transient pressure loads generated during 
diverter operations.




An experimental apparatus and operational procedures 
were designed to support the development of a mathematical 
model capable of predicting the behavior of transient 
pressure loads during diverter operations.
The experimental apparatus - set up at the LSU 
Blowout School facilities - consisted basically of a 
6-inch vent line connected to a full-scale well and a 
variety of sensors enabling the knowledge and recording of 
several important functions during the well unloading 
process. Using this apparatus, nine conclusive well 
unloading simulations have been conducted using four 
different drilling fluids.
The experimental work has proved to be of utmost 
importance because it has provided both quantitative and 
qualitative information concerning the unloading process. 
Experimental data have also allowed the adoption of the 
most appropriate theoretical approaches during the 
development of the mathematical model. Additionally, 
the experimental results have been used to check the
21
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theoretical predictions of the mathematical model. They 
have been extremely important in establishing the validity 
and degree of confidence of the theoretical inferences.
3.2. DESCRIPTION OF THE EXPERIMENTAL APPARATUS
Figure 3 shows a sketch of the experimental 
apparatus. It can be broken down into three major parts: 
wellbore, diverter line and surface injection system.
The wellbore was formed by a 2 7/8 in. tubing string 
(ID=2.441 in.) running through a 7-inch, P110, 38 lb/ft
I
casing (ID=5.920 in.) to the depth of 1117.5 feet.
A 7.0625-inch ^ 'Hydri‘1 annular BOP was installed on 
the top of the casing string to allow the well closure and 
flow diversion into the vent line during the well 
unloading simulations.
The diverter line was modeled by a 6-inch pipeline 
(ID=4.897 in.) with the total length of 81.5 feet. One of 
its ends was connected to the wellbore annulus through the 
wellhead while the exit end discharged the fluids to the 
atmosphere.
The surface injection system transported the gas to 
be used in the experiment from a commercial pipeline to 
the wellbore. The configuration of the surface gas 
injection system is shown in Figures 4 and 5. The gas used 
in the experimental work was supplied by a transmission
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gas pipeline at a delivery pressure between 600 and 700 
psi.
The drilling fluid mixing and circulating 
facilities available at the LSU Blowout School provided 
the equipment needed for the mixing and storage of the 
drilling fluid for posterior injection into the 
wellbore-diverter system.
3.3. DATA ACQUISITION AND PROCESS CONTROL SYSTEMS
The experimental apparatus was also equipped with 
sophisticated data acquisition and process control 
systems.
The following functions were recorded during the 
experiments:
-Diverter pressures from four sensors placed on the 
diverter line. The pressure sensors were installed at .17 
ft (PI), at 13.08 ft (P2), at 26.08 (P3) and at 65.0 ft 
(P4) from the diverter exit end. Gauge pressure 
transmitters, Model 1144 manufactured by ROSEMOUNT, were 
used for sensing the flowing pressures at those four 
locations. These instruments also convert the pressures 
into 4 to 20 mA analog signals to be sent to the data 
gathering system. The gas injection pressure (P5) was also 
measured by a similar pressure sensor installed just above 
the tubing string. The calibration spans of each sensor 
are shown below:
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PI from 0 to 50 psi 
P2 from 0 to 100 psi 
P3 from 0 to 250 psi 
P4 from 0 to 300 psi 
P5 from 0 to 1000 psi
The accuracy of the pressure sensors was + .5% of
calibrated span.
-Bottomhole pressure from a sonde containing a 
pressure sensor (P6) running inside the tubing string 
through an electrical cable. A logging unit was used to 
take the sonde to its operating depth (1123') and to 
receive and transmit the electrical signal to a recording 
microcomputer. The pressure sensor was owned by 
GEOPHYSICAL RESEARCH CORPORATION and it was calibrated to 
a range from 0 to 1000 psi.
-Temperature from a thermometer (temperature 
transmitter Model 444 - ROSEMOUNT) placed on the diverter 
line at 5.67 ft from the diverter exit end (Tl). This 
instrument produces low-level electrical signals 
proportional to its sensed temperature. Its accuracy is + 
.2% of calibrated span which was from 0 to 200 F.
-Liquid flow rate (Ql) from a magnetic flow meter of 
FOXBORO (Model M/2800 series) installed at 70.00 ft from 
the diverter exit end. This meter is designed to measure 
only flow rate of liquids and the presence of gas in the
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flow causes a detrimental effect on the reliability of the 
measurements. It was calibrated from 0 to 1800 GPM.
-Gas injection pressure (P7) and temperature (T2) as 
well as the differential pressure (DP) across an orifice 
plate installed on the surface lines (gas meter station). 
These functions were needed for computing the injection 
gas flow rate (Q2). A DANIEL Model 2271 Flow Computer was 
used for this purpose. Gas injection pressure and 
temperature at gas meter station were measured utilizing 
the ROSEMOUNT instruments already described whereas 
differential head pressure transmitters Model 1151 - 
ROSEMOUNT accurate to + .2% of calibrated span measured
the differential pressure across the orifice plate. The 
calibration span for these functions are shown below:
P7 from 0 to 1000 psi 
T2 from 0 to 200 F 
DP from 0 to 750 in. of water 
Q2 from 0 to 20 MMSCF/D
Figure 6 shows all functions of the data acquisition 
system set up for the experimental work. These functions 
were transmitted from the sensors to the data gathering 
system as 4 to 20 mA analog signals where they were 
converted to digital data before being processed by a 
COMPAC-PORTABLE III microcomputer (80286 processor) and 
recorded on a 30-megabytes hard disk at every second. The
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conversion from analog to digital signals has been done in 
two steps : a) a signal conditioner box converted 4 to 20 
mA signals into 1 to 5 Volts signals and, afterwards, b) 
these voltage signals were translated into digital data 
through an A/D/A converter (SUPER LAB CARD Model PCL-714 
by RAPID SYSTEM INCORPORATED).
Five of these functions (Pi, P3, P4, P5 and Q2) were 
also recorded continuously on a six-pen strip chart 
recorder by SOLTEC. Figure 7 shows schematically this 
process.
A process control system was designed and implemented 
to experimentally simulate the reservoir gas flow rate 
responses to changes in flowing bottomhole pressure during 
the well unloading process. The system used another 
microcomputer to manage the flow rate of gas to be 
injected in the well based on bottomhole pressure 
readings. This process control system will be more deeply 
described later in this chapter.
3.4. EXPERIMENTAL PROCEDURE
The experimental simulations of the well unloading 
process have been performed according to the following 
sequence of events:
a) Initially the well-diverter system is filled up 
with a liquid (water or a drilling fluid) which is 
injected down through the tubing string and up to surface
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through the annulus. Afterwards, a hydraulic test is 
performed to determine frictional pressure losses 
throughout the well-diverter system at constant liquid 
flow rate. The objective of this test was to provide 
experimental information designed to help the choice of 
the most adequate rheological model and procedures to be 
adopted in the theoretical model.
b) Upon hydraulic test completion, the data 
acquisition systems is turned on, the gas flow controller 
is set partially opened and the main valve (valve A in 
figure 3) is opened. This act allows the gas to fill and 
pressurize the surface injection lines up to valve D 
(Figure 4) which remains closed. Notice that valves B and 
E remain closed while valves C and F remain opened during 
the experimental runs (refer to Figures 4 and 5).
c) The runs actually start when valve D is opened. 
Immediately after this, the gas flow controller is set at 
automatic mode. This means that the process control 
discussed previously takes over the experiment managing 
the injection gas flow rates according to variations of 
bottomhole pressure. Gradually, the gas displaces the 
liquid out of the system while the well unloading 
functions are gathered, processed and recorded by the data 
acquisition system.
d) The experimental run ends when the gas flow 
controller is manually shut down. Shortly after this, 
valves A and D are closed. For the sake of information, a
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typical experimental run duration was around three 
minutes.
3.5. EXPERIMENTAL RESULTS
Nine conclusive experimental runs have been 
conducted in the apparatus using the procedure described 
above. These runs are summarized in Table 1 and comprised 
combinations of four kinds of drilling fluids and three 
simulated reservoir permeabilities.
The experimental data recorded during all nine runs 
are displayed graphically throughout this work as 
functions of displacement time.
Appendix A contains graphs of the most important 
functions recorded during all runs along with their 
theoretical predictions simulated by a mathematical model 
to be described in the next chapter.
A remark concerning the graphical format should be 
mentioned now. As in most cases more than one curve in a 
plot was displayed, the use of symbols on these curves and 
legends became necessary to identify the corresponding 
function. It was realized, however, that the drawing of 
these identifying symbols at every second (every recorded 
point) would result in a very confusing and unpleasant 
graphical presentation of those function curves. 
Consequently, the symbols were drawn only at every 5 
seconds in all graphics showing experimental data.



























4 LOW VISCDSITY 250
5 MUD 150
6 HIGH VISCOSITY 250
7 MUD 150
8 INTERMEDIATE 150
9 VISCOSITY MUD 250
Table 1 Description of the experimental runs
U)4=-
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3.6. EXPERIMENTAL SIMULATION OF RESERVOIR PERFORMANCE
Figure 8 shows the concept behind the experimental 
modeling of a gas reservoir especially designed and 
implemented for the well unloading experiments.
The system consisted of a pressure sensor installed 
at the bottom of the well, a gas flow controller valve 
placed on the surface lines and a microcomputer that 
stores a gas reservoir inflow performance curve (flowing 
pressure at producing formation face vs. gas producing 
rate). A variation of flowing bottomhole pressure is 
sensed and electrically transmitted to the surface where 
it enters a microcomputer that processes the corresponding 
gas flow rate based on a previously defined inflow 
performance curve. This information is sent to the gas 
flow controller device that adjusts by itself to deliver 
the new injection gas flow rate.
In this section the system is more deeply described 
and its performance is evaluated. Graphical comparison 
between the gas flow rates calculated from the inflow 
reservoir performance curves and the actual gas flow rates 
delivered by the system was useful in determining the 
simulator performance.
The experimental simulator comprised the following 
devices:
a) Bottomhole pressure sensor (P6). It was the same 
equipment described in the data acquisition section.

























Figure 8 Experimental gas reservoir simulator U)
ON
37
Bottomhole pressure readings are transmitted to the 
surface as 4 to 20 mA analog signals.
b) Another signal conditioner box and an A/D/A 
converter board by INPUT/OUTPUT TECHNOLOGY INCORPORATED. 
The signal conditioner box converts 4 to 20 mA signals 
into 1 to 5 V and vice-versa while the board converts the 
voltage signals into digital information and vice-versa.
c) Zenith Z-100 microcomputer. It reads bottomhole 
pressure values and by using a gas reservoir inflow 
performance curve it calculates the corresponding values 
of gas flow rate to be injected into the well-diverter 
system. The microcomputer uses a BASIC program to 
calculate the gas flow rate and to control the input and 
output functions. A flowchart of this program is shown in 
Figure 9.
d) F0XB0R0 760 series single station micro 
controller. This device controls the gas flow rate by 
regulating a pneumatically operated valve installed on the 
injection line close to the gas meter station (refer to 
figure 3) according to the gas flow rate value output by 
the microcomputer. Gas flow rate measurements (Q2 ) 
provided by the DANIEL flow computer are used to check 
whether the delivered gas flow rates are the same as those 
calculated by the microcomputer. If they are different, 
the gas flow controller device keeps on adjusting the 
valve until an agreement is attained.
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e) DANIEL flow computer. As described in data 
acquisition section, this device provides the gas flow 
controller device with measurements of injection gas flow 
rate.
Figure 10 summarizes schematically what has been 
discussed above.
The injection gas flow' rates are updated 
instantaneously and continuously with no noticeable lag 
time during this update process. This was possible because 
the BASIC program discussed above was fast, even 
accounting for the low computing speed of the ZENITH Z-100 
microcomputer.
This, however, demanded a simple and fast approach 
for calculating the gas flow rate as a function of 
bottomhole pressure because a sophisticated and complex 
procedure would preclude this experimental simulation. 
Consequently, a simple technique based on an equation 
considering the stabilized performance of a radial gas 
reservoir and accounting for the turbulent characteristics 
of this kind of flow has been adopted.
This equation - which was used in a paper on 
Production System Analysis written by Mach et al (1982) to 
model the gas flow through the reservoir - has the 
following formulation:
Q  _  0 . 703 «10~6« k » h » ( P r e 3- P b h )    ( 3 . 1 )
|lg#T»Z*|ln (|^)-0.75+S+D*Q ]
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where D, the turbulence factor, is defined as:
D = 2 . 715*10~12*B*M*Pb*k ......................................................  (3.2)
Hg*h*rw*Tb
B is the velocity coefficient for consolidated sandstones 
and carbonates defined by:
The other parameters are defined in Nomenclature section.
After algebraic manipulation, equation 3.1 assumes 
the following format:
E*res- Pbh = 3*Q + b  ............................................................  (3.4)
where "a" is defined as:
The gas flow rate can be found for a certain value of 
bottomhole pressure by solving equation 3.4 which after 




while "b" has the following definition:
b _ 3 . 166*10~6«B*SG*Z*T 
h2,r w
(3.6)
Q = Vd-e*Pbh - c (3.7)
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where "c" is defined by:
c = - S - ........................................................................................  (3.8)
2«b
■d" by:




e = — (3.10)
Equation (3.7) is very suitable for the BASIC 
program because the coefficients "c", "d" and "e" are 
calculated beforehand and entered the program before its 
execution.
A set of typical parameters found in a shallow gas 
drilling situation was chosen to calculate the 
coefficients:
Reservoir pressure ........................  600 psi
Formation thickness .......................  10 feet
Gas viscosity at res. conditions............. 0121 cp
Gas compres. factor (Z) at res. cond..........9046
Reservoir temperature   90 F
Drainage radius".............................  500 feet
Wellbore radius  5 foot
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Skin factor ................................. 0
Gas specific gravity (air=l.) ................ 65
Base pressure ............................... 14.7 psi
Base temperature ...........................  60 F
Only three permeabilities were simulated due to 
practical limitations to be discussed later. These 
permeabilities are shown below along with the resulting 
coefficients:
Permeability (mD) c d e
150 15.261 616.369 8.679 E-4
200 16.169 803.183 1.226 E-3
250 16.911 994.216 1.603 E-3
The experimental simulations of reservoir 
performance can be considered successful for the range of 
permeabilities modeled. Figure 11 show a very good 
agreement between the calculated gas flow rates (from an 
inflow performance curve and readings of bottomhole 
pressure) and the actual injection gas flow rate measured 
by the DANIEL gas flow computer (Q2).
The reservoir simulator, however, had its 
performance declined when the calculated gas flow rates 
were relatively higher than those delivered by the 
pipeline. This is easily seen in figure 12. To improve the 
performance of this simulator concerning higher gas flow
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rates another gas source should be used. It can be 
accomplished by using three nearby wells to store gas at 
high pressure and to deliver this gas to the simulator at 
a higher flow rate.
On the other hand, low gas flow rates also imposed a 
limitation: the flow controller valve operated erratically 
at lower gas flow rates. This can be noted in figure 13 
during the first one-third of the simulation. However it 
worked reasonably well for the rest of the run. A better 
resolution for this valve can be sought in future uses of 
this simulator. However, for the range of the 
permeabilities simulated the overall performance of the 
reservoir simulator can be considered encouraging.
3.7. IMPORTANT EXPERIMENTAL ASPECTS
a)Gas flow rate
As already mentioned, the gas flow rate (Q2) was 
measured using a DANIEL flow computer which utilizes an 
internal program to calculate the gas flow rate based on 
readings of differential pressure across an orifice plate, 
gas injection pressure and temperature. These gas flow 
rates (Q2) were verified by recomputing them through the 
standard procedure (ANSI/API 2530) described in the 
document "Orifice Metering of Natural Gas" (1978). This 
procedure is summarized in Appendix B of this
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dissertation. Figure 14 shows good agreement between these 
two methods.
The gas flow rates - calculated according to 
ANSI/API standards - for all nine experimental runs are 
presented in Figure 15, 16, 17 and 18.
b)Bottomhole pressure
It was observed that the bottomhole pressure 
readings before the experiments (static conditions) were 
not in agreement with the values calculated by using the 
hydrostatic head formula. Recalibration of the pressure 
sensor was attempted to eliminate the discrepancy; 
however, the problem persisted. To minimize this 
difficulty a correction factor given by the ratio between 
the calculated and measured pressures (both in static 
conditions and before the experiments) was applied to all 
bottomhole pressure readings.
These pressures in psi and the correction factors 
are shown below:
Run Calc. Pres. Meas. Pres. Factor
1 487 509 .957
2 487 520 .937
3 487 532 .915
4 505 540 .935
5 505 547 .923
6 514 540 .952
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c)Temperature and gas specific gravity.
The evaluation of the gas temperature and specific 
gravity are necessary because they are input parameters of 
the mathematical simulator to be described ahead.
Gas temperature values and behavior could be 
evaluated from temperature measurements already described. 
Figure 19 shows for four selected runs the flow 
temperature at diverter exit (Tl) of the drilling fluid in 
the beginning of the experiment, two-phase mixture after 
the gas breakthrough and gas at the end of the run. Figure 
20 displays the gas injection temperature at gas meter 
station (T2).
The gas specific gravity was .65 (air=l.).
d)Drilling fluid properties.
As previously stated, water and three different 
water base muds were the displaced fluids used in the 
experiments. The water base muds were made up with water 
and bentonite. The bentonite concentraticn was varied to 
yield the three kinds of mud according to their 
viscosities. The mud weight in pounds per gallon (ppg) and 
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before injection into the well-diverter system. They are 
shown in Table 2.
The flow properties - plastic viscosity (PV), yield 
point (YP), and indices of flow behavior (n') and 
consistency (K’ ) - were calculated following the
procedures described in the book "Well Design - Drilling 
and Production" by Craft et al (1962) that apply 
rotational viscometer readings and a Cartesian or a 
logarithmic plot according to the rheological model 
chosen. Figures 21, 22, and 23 show the determination of 
flow properties for the three water base muds based on the 
Bingham rheological model while figures 24, 25 and 26 
refer to flow properties based on the power-law 
rheological model.
The initial and final gel strengths (Gi and Gf) in 
lbf/100 sq.ft. were also measured using the rotational 
viscometer.
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CHAPTER IV
MATHEMATICAL MODEL FOR THE HELL UNLOADING EXPERIMENTS
4.1. INTRODUCTION
In this chapter an unsteady state numerical procedure 
for modeling the well unloading experiments through a 
diverter line is described in detail.
This numerical procedure can predict the pressure 
behavior at any point of the well-diverter system during 
the simulation of well unloading experiments. During the 
development of this mathematical procedure emphasis was 
given to the prediction of surge pressures observed in the 
diverter line when the gas reaches the surface. As stated 
in Chapter I, the modeling of these pressures is the main 
objective of this study.
The numerical model accounts for unsteady state flow 
effects by preserving all terms of the Equation of 
Continuity and Equation of Momentum Balance for a 
two-phase mixture. A finite difference scheme based on the 
discretization of the wellbore into finite cells was used 
to solve the flow equations for pressure and other flow 
variables as functions of spatial location along the flow 
path and time. To solve the flow equations, boundary and
65
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initial conditions had to be defined.
4.2. ASSUMPTIONS AND CONSIDERATIONS
The following assumptions and considerations have 
been made to develop the numerical simulator:
1)The wellbore flow is modeled by a fully unsteady 
state computational procedure that includes dynamic 
effects on both gas/liquid mixture and unmixed liquid 
flowing ahead the two-phase mixture.
2)The diverter two-phase flow is represented by a 
series of steady state flows defined by the gas and liquid 
output mass flow rates from the wellbore. Calculations 
include pressure changes due to variations of mixture 
kinetic energy.
3)The gas/liquid mixture region accounts for 
important characteristics of the two-phase flow such as: 
gas slip velocity, gas concentration distribution, liquid 
holdup and two-phase flow friction factor.
4)The temperature is constant over the entire system. 
This includes wellbore and diverter vent line.
5)The geometries of the tubing string, annulus and 
diverter line are constant.
6)The diverter exit pressure is atmospheric if the 
flow is subsonic, and greater than atmospheric pressure if 
sonic (critical) flow exists at the exit of the diverter 
vent line.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
7)The gas injection flow rate is known as a function 
of time. No liquid is injected into the well-diverter 
system during the unloading process.
8)The gas has constant composition and its solubility 
in the displaced liquid is negligible. The liquid is 
incompressible.
9)The pressure losses due to the flow of fluids 
through fittings and valves are negligible. However, the 
flow through a restriction at the bottom end of the tubing 
string is considered. This restriction has been imposed to 
the flow due to the placement of a pressure sensor at the 
bottom of the well.
4.3. DESCRIPTION OF THE MATHEMATICAL MODEL
To facilitate the elaboration of the numerical model 
for a well unloading experiment, the calculation procedure 
has been broken down into four separate submodels: a) 
tubing string submodel - downward vertical flow inside the 
tubing string, b) restriction submodel - flow through a 
restriction at the bottom end of the tubing string, c) 
annulus submodel - upward vertical flow inside the 
casing/tubing string annulus, and d) diverter submodel - 
horizontal flow inside the diverter line. They are 
illustrated in figure 27.
Chronologically the numerical simulation comprises 
four phases. They are as follows:



















DIVERTER MODEL (HORIZONTAL 
FLOW INSIDE DIVERTER LINE)
TUBING STRING MODEL (DOWNWARD 
VERTICAL FLOW INSIDE TUBING)
ANNULUS MODEL (UPWARD VERTICAL 
FLOW INSIDE ANNULUS)
RESTRICTION MODEL (SUBCRITICAL 
FLOW THROUGH A RESTRICTION)
EXIT
Figure 27 Mathematical submodels ON
00
1)Phase I - the gas/liquid mixture leading edge 
(liquid/mixture interface) travels down and inside the 
tubing string. In this phase the tubing string submodel 
considers the two-phase unsteady state flow from the gas 
injection point to the leading edge. The unmixed liquid 
flows from this leading edge up to the diverter line exit. 
This path includes the flow of liquid through the 
restriction at the bottom of the well. Atmospheric 
pressure exists at diverter line exit.
2)Phase II - the gas/liquid mixture leading edge 
travels up and inside the annulus. The tubing string 
submodel considers only two-phase unsteady state flow. A 
calculation procedure based on subsonic (subcritical) flow 
of a two-phase mixture through restrictions predicts 
pressure drop at the bottom end of the tubing string. The 
annulus submodel considers two-phase unsteady state from 
the bottom of the well to the liquid/mixture interface. 
Single phase flow of liquid is considered for the 
remainder of the annulus and diverter line. Atmospheric 
pressure exists at exit of the diverter line.
3)Phase III - the gas/liquid mixture leading edge 
moves inside the diverter line. During this phase both 
tubing string and annulus submodels only consider 
two-phase unsteady state flow. The calculation procedure 
for subsonic flow of two-phase mixtures through 
restrictions is the same as that used in Phase II. The 
diverter submodel considers horizontal two-phase flow from
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the wellhead to the liquid/mixture interface and liquid 
single phase flow from this point to the diverter line 
exit. Atmospheric conditions still prevail at the end of 
diverter line. This phase is very brief; however, it is 
important because the surge pressures happen during this 
period.
4)Phase IV - only the gas/liquid mixture flows in the 
system. Flows through the tubing string, annulus and 
restriction are modeled in the same way as they are in 
Phase III. Horizontal two-phase flow is considered inside 
the diverter line. If the flow is sonic (critical) at 
diverter exit, the pressure at that point is calculated 
according to a procedure to be described later. Otherwise, 
the pressure at diverter exit is atmospheric.
Figure 28 shows these four phases.
In an actual well unloading situation, Phase I does 
not exist, and the gas is injected inside the system 
through the reservoir rather than by the tubing string.
4.4. CALCULATION PROCEDURES
The basic equations and calculation procedures for 
each submodel are now detailed.
a)Tubing string submodel
Two different flow conditions exist inside the tubing 
string during Phase I as shown in Figure 28. For the
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Figure 28 Phases of the calculation procedure
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other phases, only two-phase unsteady state flow is 
present.
The calculation procedure developed in this work for 
gas/liquid mixtures under unsteady state flow incorporates 
some features of a methodology developed by Nickens (1985) 
for a dynamic gas kick simulator. Two other works on well 
unloading through a diverter also utilized some aspects of 
Nickens’ work: "A Dynamic Model of Diverter Operations" by 
Santos (1988) that presents an unsteady state model to 
simulate diverter operations based on piston-like 
displacement of liquid by the producing gas, and "A 
Shallow Gas Kick Simulator Including Diverter Performance" 
by Starrett (1988) that includes two-phase and critical 
flow considerations in an unsteady state gas kick 
simulator for shallow waters.
The methodology for solving unsteady state flow of 
two-phase mixtures is based on the simultaneous solution 
of five equations: the continuity equations for gas and 
liquid phases, the momentum balance equation for two-phase 
mixtures, an equation of state for the gas and a 
semiempirical relationship between the gas and liquid 
in-situ velocities. The derivations of the continuity, 
momentum balance and state equations are shown in Appendix 
C.
I) Continuity Equations
The continuity equation is based on the principle of 
conservation of mass. For a gas/liquid mixture flowing
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under unsteady state conditions, the liquid continuity 
equation has the following formulation:
where t is the independent variable time and x is the 
independent variable spatial position. The other variables 
are defined in Nomenclature.
For the gas phase, the continuity equation is defined as:
II) Momentum Balance Equation
The momentum balance equation is based on Newton's 
second law of motion, which states that the summation of 
all forces acting on a system is equal to the rate of 
change of momentum of that system. For a gas/liquid 
mixture flowing under unsteady state, the momentum balance 
equation is as follows:
9h d (vj » H) 
3t dx
0 (4.1)
a (pg*(i—h)) + a (vg * pg * (i—h)) = 0
at dx
(4.2)
0.00161* d [ (Vj *Pi *H) + (v|*pg*(1-H)) ] + 
9t
0.00161* d [ (vj *pi *H) + (v|»pg»(1-H)) ] +
dx
fe-E] _ e_e) + ile] =o
\ 3 x  / \ OX /elEV. \ 'FRIC.
(4.3)
where, p is the pressure as a function of t and x.
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The elevation term (hydrostatic pressure gradient) is 
defined as:
' E L E V .
= 0.052 • [pi • H +pg • (1-H) ] (4.4)
The friction term (frictional pressure gradient) is 
computed using the Beggs and Brill (1972) correlation for 
two-phase flow. This correlation was slightly modified to 
account for non-Newtonian fluids and to be more compatible 
with other equations used in this work. The friction term 
can be calculated from the following equation:
[3_P] _ ftfPns-v£ ...............................  (4-5;
v dx /f r i c . 25. 8*d 
The mixture velocity vm has the following definition:
The two-phase flow friction factor can be calculated from:
where f is the friction factor obtained from a Fanning 
diagram (Craft et al, 1962). This factor depends on the 
pipe relative roughness and the two-phase Reynolds number 
defined as:
vm = vi *h + vg»(l-H) (4.6)
The mixture no-slip density is defined as:
(4.7)
ftf = es •f (4.8)
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(4.9)
The mixture no-slip viscosity is defined as:
Pns = Hi •*. + Hg • (1-A.) (4.10)
where the gas viscosity is evaluated at flowing pressure 
and temperature. The liquid viscosity is the drilling 
fluid plastic viscosity. The exponent s in equation 4.8 is 
calculated from:
where y is given by:
Y = \    (4.12]
H2
If y is greater than 1.2 or less than 1.0 then the 
exponent s is calculated from:
III) Equation of State
The equation of state relates the fluid density to 
pressure and temperature. Two equations of state are 
considered in the numerical model: a) the equation of 
state for gases which has the following formulation:
In y
S
-0.0523+ln y*{3.182+ln y (-0.8725+0.01853*ln y*ln y) )
(4.11)
s = In (2.2«y -  1.2) (4.13)
Pg = 0.361 • SG * P T • Z
(4.14)
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and b) the equation of state for liquids which is a 
constant because the displaced liquid is considered 
incompressible. Then, the equation of state for liquids is 
defined as:
pj = CONSTANT...................................... (4.15)
IV) Equation that relates gas to liquid in-situ 
velocities
The following equation relates the gas to liquid 
in-situ velocities:
V g  = C»( V j  *H + V g  • ( 1-H) ) (4.16)
solving this equation for vg yields:
vg = *vj * H * Vs ................................  (4.17)
1 - C - C*H
The parameters C and vs (gas slip velocity) depend on 
the two-phase flow regime. This work considers three fully 
developed flow regimes and two transitions. The liquid 
hold-up (H) was chosen in this work to define the flow 
regime boundaries. The stipulation of these boundaries was 
based on experimental results presented by Caetano Filho 
(1986) where the liquid hold-up was measured and the flow 
pattern was identified for a broad variety of gas and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
liquid input flow rates. The flow patterns, boundaries, 
and the parameters C and vs are now discussed as follows:
a)Bubble flow - the gaseous phase is dispersed as 
small discrete bubbles in a continuous liquid phase. This 
flow pattern is assumed to exist for a liquid hold-up 
between 1.0 and 0.85. For this kind of flow regime the gas 
slip velocity (which is the rise velocity due to buoyancy) 
is given by an equation presented by Harmathy (1960) and 
modified by Zuber and Hench (1962) to account for the 
presence of a bubble swarm. This equation was used again 
by Fernandes et al in 1983. It has the following 
formulation:
where the negative sign stands for the upward direction of 
the buoyancy effect which is opposite to the downward flow 
existing inside the tubing string. This consideration, 
however, is unimportant because the gas slip velocity is 
very small when compared with the gas in-situ velocity 
inside the tubing string.
The C coefficient accounts for the velocity profile 
of the liquid phase. According to Zuber and Findlay (1965) 
the value of C usually lies between 1.0 and 1.5, and 1.2 
is the most probable value for this parameter. The value 
of C used throughout this work (including the flow inside 
the annulus) was 1.1 since the value of 1.2 led to very
0.4774 (4.18)
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high gas velocities. Nickens (1985) has adopted a value of 
1.0 in his gas kick simulations.
b)Slug flow - the liquid phase is still continuous 
but the gas phase is more prominent. The gas forms large 
bubbles that almost fill the entire cross-sectional area 
of the conduit. In this work, the slug flow exists for a 
liquid hold-up between 0.75 and 0.45. The gas slip 
velocity is given by :
This equation was presented by Griffith and Wallis (1961). 
The coefficient depends on the conduit geometry. For 
circular tubes, the value of is 0.345. The parameter D 
stands for the tubing internal diameter. The parameter C 
is assumed to be 1.1.
c)Annular flow - the gas is the continuous phase and 
the liquid is dispersed as small droplets in the gaseous 
phase. This flow regime is assumed to exist for a liquid 
hold-up less than 0.10. There is no slippage between 
phases. Consequently, the gas slip velocity is null and 
the gas and liquid in-situ velocities are equal. If 
Equation 4.17 is used, C should be equal to 1.0. The 
annular flow has been by far the most frequent flow regime 
for the conditions simulated in the experimental work.
d)Transition bubble-slug flow - it happens for a 
liquid hold-up between 0.85 to 0.75. The in-situ gas
(4.19)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
79
velocity is calculated through a linear interpolation 
between the in-situ gas velocity calculated for the upper 
limit (0.85) and the in-situ gas velocity for the lower 
limit (0.75). Transition zones have been introduced to 
avoid numerical discontinuities in the solution when 
shifting from one flow regime to another.
e)Transition slug-annular flow - it exists for a 
liquid hold-up between 0.45 to 0.10. The in-situ gas 
velocity is calculated in the same manner as in item d.
Equations 4.1, 4.2, 4.3, 4.14, and 4.17 constitute a 
nonlinear system of five equations with five dependent 
variables: pressure, in-situ gas velocity, in-situ liquid
velocity, gas density and liquid hold-up. Upon solution of 
this system, all five dependent variables are known as 
functions of time and position along the gas/liquid 
mixture flow path. The solution for this system, however, 
is laborious. An analytical solution is not available, and 
numerical solution requires an iterative process since all 
dependent variables are functions of pressure, and 
pressure is one of the variables to be determined.
The partial differential equations are solved 
numerically by using a Finite Difference Method. This 
method has already been used by numerous investigators to 
solve flow equations for compressible fluids (primarily 
dry gas). This method consists in dividing (discretizing) 
the flow conduit (tubing interior or annulus) into finite
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cells where finite difference approximations of flow 
equations are solved.
There exist many ways of approximating differential 
equations by finite difference schemes. After testing some 
of these schemes in the numerical simulator, a 
centered-in-distance and backward-in-time (Peaceman, 1977) 
scheme was chosen for approximating the continuity 
equations because it has shown a good compromise between 
numerical stability and results.
Figure 29 illustrates the adopted finite difference 
scheme by showing a grid or cell for two different time 
steps. Point 1 represents the flow properties (in-situ 
velocities, liquid hold-up and gas density) at the 
previous time step and at the upper boundary while point 2 
also refers to the previous time step, but at the lower 
boundary. Point 3 represents arithmetic averaging of these 
properties at the center of the grid and at the previous 
time step. Points 5, 6 and 4 are respectively the
counterparts of points 1, 2, and 3 at the present time
step. The flow properties are known at points 1, 2, and 5. 
The finite difference approximation estimates those 
properties at point 6.
In the finite difference formulation for the 
continuity equations, the space derivative was 
approximated by:
d u _ u6 -  Us ................................................................................... (4 .20)
Ax










































and the time derivative by:
9 u = U4 ~ U3 = U6 + Us - U2 - Ut ................  (4.21)
at  A t  2 • a  t
where u is some function of x and t. Upon substituting 
these approximations into Equations 4.1 and 4.2, the 
finite difference formulations for the liquid and gas 
continuity equations have been established. They are, 
respectively, as follows:
( V i  «pj *H)6 ~ ( V j  *Pg*H) 5
Ax
(pi *H) 6 + (Pg*H) 5 ~ (Pi *H)2 ~ (pg*H)i _ Q (4.22)
2*At
( Vg 1 Pg ‘ (1-H) ) 6 ~ ( Vg * pg * (1-H))5
Ax
( Pg « (1-H)) 6 - (Pg • (1-H)) 5 - (pg « (1-H)) 2 - (pg * (l~H))l =
2»At
...........................................................  (4.23)
The mixture momentum balance equation was 
approximated by using a centered-in-distance and 
centered-in-time finite difference scheme. In this 
approach, the time derivative is still represented by
Equation 4 . 2 1  but the spatial derivative has another
definition:
B u _ U6 + U2 ~ Us ~ Ui ..................................  (4.24)
dx 2 • A x
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Thus, the finite difference approximation for the mixture 
material balance equation has the following 
representation:
•Q-‘-0-°-1a61 { < V§ • Pg • (1-H))2 + (vf • pg • (1-H) ) 6 -2 • Ax '■
( v 2 « p g . (1-H))! - ( V2 • Pg . (1-H)) 5 +
( • pj *H)2 + ( vj • Pj »H) 6 -
( • pj «H)! - (vj • Pj *H)5 } +
^ jQQ:L61 {  < V g  • p g  * (1-H)) 5  + ( V g  • p g  • (1-H)) 6 -
2 • At
( V g  • p g  « (1-H))! - ( V g  ‘ p g  * ( 1~H) ) 2 +
( V j  •  P j  -H)5 +  ( V !  •  p 2  *H)6 -
( V J  • P j  »H)i - ( V 2J • p j  -H)2 J. -
E^Efi.+ 0.25 • [(^-E)1 + (4_E)2 + (4.£)3 + (A_E)4]fric .
Ax Ax Ax Ax Ax
0.25 • [ ( ^ -H )2 +(4_E)2 + (A_E)3 + (A_£i)4]elev> =q .. (4.25) 
Ax Ax Ax Ax
This formulation was used by Nickens (1985).
The calculation of the flow properties at point 6
from those known at points 1, 2 and 5 required an
iterative procedure because of the lack of linearity of 
the differential equations that describe the flow of 
compressible fluids. This procedure is described below:
1)Guess cn initial in-situ liquid velocity at 6.
2)Calculate the liquid hold-up (Equation 4.22) and 
determine the flow regime at that boundary.
3)Use Equation 4.17 to compute in-situ gas velocity.
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4)Use this in-situ gas velocity and Equation 4.23 to 
calculate the gas density at point 6.
5)Compute the pressure at point 6 by solving the 
equation of state (Equation 4.14). To avoid another 
iterative process, use the Z factor calculated for the 
pressure at point 5.
6)Use the flow properties calculated in steps 2 to 4 
and the guessed in-situ liquid velocity in the finite 
difference approximation for the mixture momentum balance 
equation (Equation 4.25), and solve it for pressure at 
point 6.
7)Compare the pressures calculated in steps 5 and 6. 
If the difference between them lies within an admissible 
tolerance, accept the calculated properties and stop this 
process. Otherwise, guess another in-situ liquid velocity 
and repeat the process until it converges. The secant 
method for finding the roots can be used to speed up the 
convergence process (Press et al, 1986).
This procedure computes the flow properties at point 
6 for a single grid. The procedure is repeated for the 
adjacent downstream grid with the calculated flow 
properties at point 6 of the previous cell being now the 
flow properties at point 5. The calculation proceeds until 
the flow properties at all grid boundaries are determined.
This methodology allows the calculation of flow 
variables for the gas/liquid mixture flowing under 
unsteady state conditions from the gas injection point up
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to the leading edge of the mixture during Phase I or up to 
the bottom end of the tubing string during the other 
phases.
At this point, four important points should be noted:
1)The solution of the system of differential 
equations requires the specification of boundary and 
initial conditions. These conditions are presented in the 
next section.
2)The tubing string is discretized into cells or 
grids of equal lengths. The same applies to the annulus; 
however, the length of tubing string cells can be 
different from the length of annulus cells.
3)As long as the mixture leading boundary moves 
inside the wellbore (tubing and annulus) the current time 
step is defined by the grid length divided by the mixture 
leading edge velocity (defined by Equation 4.6) of the 
previous time step. This approach has avoided the use of a 
front tracking technique since the mixture leading 
boundary always coincides with a grid boundary.
4)The discretization procedure is only applied to the 
two-phase region. As this region is expanding according to 
item 3, the number of cells increases by one for each time 
increment. This means that a single cell exists for the 
first time, two cells for the second and n cells for the 
nth time step.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
The other flow condition existing inside the tubing 
string (only in Phase 1) is the single phase flow of the 
liquid ahead the two-phase mixture.
The liquid velocity is assumed to be equal to the 
mixture leading edge velocity calculated by Equation 4.4. 
As this velocity changes with time, the flow equations for 
this kind of flow should account for acceleration effects. 
Because the liquid is regarded as incompressible, this 
velocity is constant along the remainder of the tubing 
string within a time step.
The pressure gradient for this kind of flow can be 
calculated by:
' A x
= AP _ (A P 
'Ax'acc. 'Ax
+ Apl -   (4.26)
E L E V .  ' A x 'f R I C .
the acceleration term is given by:
( ^j = 0.0008 • pa • Vj a Vj b .................  (4.27)
' A x 'A c c . A t
where vla and vlb are respectively the liquid velocity at 
the current and previous time steps.
The elevation term represents the hydrostatic head 
gradient of the liquid. The friction term stands for the 
frictional pressure loss gradient for the liquid. This 
gradient is calculated considering the liquid velocity at 
the current time step and using the power law rheological 
model according to a calculation procedure presented in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
Appendix D. The justification for the use of the power law 
model can be found in Appendix E.
As the pressure gradient calculated by Equation 4.27 
is constant in a time step, the pressure drop is 
calculated multiplying this gradient by the height of 
liquid inside the tubing string.
b)Restriction submodel
The lowering of a pressure sensor inside the tubing 
string imposed a restriction to the flow at the bottom of 
the well (Figure 30 illustrates the bottomhole 
configuration which is presumed to exist). As a 
consequence, a localized pressure drop had to be evaluated 
at that point. The calculation of this pressure drop for 
liquid single phase flow, the existing situation of Phase 
I, has followed a method presented by the Crane Company 
(1982). For the other phases, the method has been modified 
to account for two-phase flow. The calculation procedure 
for this pressure drop is detailed in Appendix G. Only the 
most important aspects are discussed here.
The flow of incompressible fluid through the 
restriction was modeled by:
Ap = 0.0008 • K • Pj • Vj ....................... (4.28)
where vA is the liquid velocity through the restriction 
and K is the flow resistance coefficient calculated as 
3.0. Appendix F shows the calculation of this coefficient.
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The flow of the gas/liquid mixture through the 
restriction was modeled by:
where vm is the mixture velocity through the restriction. 
The coefficient K is again 3.0. The parameter Y is the gas 
expansion factor defined by:
where P is the upstream absolute pressure. The solution of 
this equation along with Equation 4.29 requires an 
iterative process, but the convergence is very fast. 
Appendix F also presents the derivation of Equation 4.30 
as well as the definitions of other variables mentioned in 
this section.
c)Annulus submodel
The annulus submodel applies the same technique and 
concepts of the tubing string model except for the 
following aspects:
Only unmixed liquid flows inside the annulus during 
Phase I. The pressure drop is calculated as the product of 
the annulus length and the pressure drop gradient 
determined from Equation 4.26 with a positive elevation 
term. Frictional pressure loss equations for annuli are
A p  =  0 . 0 0 0 8 (4.29)
Y = 1.0 - 0.4 •
P
(4.30)
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used to calculate the friction term (see Appendix D). The 
liquid velocity inside the annulus is found from the 
product of the tubing liquid velocity and the ratio 
between annulus and tubing capacities.
In phase II, the lower portion of the annulus is 
under two-phase unsteady state flow conditions. The 
calculation procedure is the same as that for the tubing 
string submodel, but the negative signs of elevation terms 
in Equations 4.3 and 4.25, and slip velocities in 
Equations 4.18 and 4.19 are replaced by positive signs. 
The gas slip equation for slug flow (Equation 4.19) has 
two other modifications when applied to annulus flow:
a)the parameter D stands for the annulus outer diameter, 
and b) the coefficient Kj^ is now given by:
Ki = 0.345 - 0.037 • R - 0.235 *R2 - 0.134 • R3 (4.31)
where R is the ratio of the inner to outer diameters. This 
equation was derived by Santos (1982) after fitting a 
curve published by Griffith (1964) with a third degree 
polynomial.
Frictional pressure losses equations for annuli are 
utilized to calculate gas and liquid friction gradients.
In the upper portion of the annulus, the liquid 
pressure drop is found by multiplying the pressure 
gradient (calculated as in Phase I) by the depth of the 
liquid/mixture interface. The velocity of the liquid
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flowing ahead the mixture is assumed to be equal to the 
velocity of the mixture leading edge.
During Phases III and IV only two-phase unsteady 
state flow exists inside the annulus.
d)Diverter submodel
During Phases I and II the unmixed liquid pressure 
drop inside the diverter line is calculated by multiplying 
the pressure gradient from Equation 4.26 (where the 
elevation term is null) by the diverter line length. The 
friction term is calculated in the same way as inside the 
tubing string. The flow velocity inside the diverter is 
found by multiplying the liquid velocity from the annulus 
by the ratio of the annulus to diverter capacities.
In Phase III the liquid/mixture interface moves 
inside the diverter line. As noted in the beginning of 
this chapter, this phase is very short but notably 
important because the surge pressures take place during 
this period.
The first attempt at modeling this phase was 
naturally to apply the same methodology used for the 
wellbore, but after discretization of the diverter line, 
the grid length became rather small when compared with the 
tubing and annulus grid lengths. As the time step size is 
defined by the grid length and mixture leading edge 
velocity, the conditions existing in the diverter ( small 
grid size and high mixture velocities) led to very small
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time step sizes which were incompatible with the wellbore 
grid sizes. This introduced instability in the solution of 
the flow equations in the wellbore.
This problem could be attenuated by decreasing the 
wellbore grid sizes with a detrimental consequence: the
computation time would increase dramatically. As a result, 
an alternative calculation procedure was developed for 
this phase. This procedure is simple, fast and accurate.
This calculation process requires some information 
that is obtained following the stepwise procedure:
1)Keep the calculated values for gas and liquid mass
flow rates from the wellbore and the mixture velocity at
the instant that the two-phase mixture enters the diverter
line (final step of phase II).
2)Use the mixture velocity from step 1 and the 
diverter line length to estimate the duration of Phase 
III. This period is also the size of the next time step.
3)Calculate the gas and liquid mass flow rates from 
the wellbore at the instant that the liquid/mixture 
interface reaches the exit of the diverter line (mixture 
breakthrough at surface) using the time step size 
estimated in step 2. Step 3 corresponds to the first step 
of phase IV to be detailed later in this chapter. Note 
that the first step of Phase IV is calculated before Phase 
III.
The calculation procedure for the diverter submodel 
during Phase III uses the gas and liquid mass flow rates
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calculated in steps 1 and 3 to determine, through linear 
interpolation, these values for any time within Phase III. 
In summary, a schedule of gas and liquid mass flow rates 
replaces the calculations of these parameters directly 
from the wellbore.
The surge pressures observed at a point in the 
diverter line occur when the liquid/mixture interface is 
at that point in consideration. The magnitude of these 
peaks of pressure are calculated using the information 
previously obtained from steps 1 to 3 and following the 
stepwise procedure:
a)For a certain position of interest on the diverter 
line, estimate the time interval in which the 
liquid/mixture interface moves from the diverter entrance 
to that point. Use the mixture velocity (step 1 above) for 
this estimation. Increment the total time by this time 
interval. The mixture leading edge is now at the position 
of interest.
b)Use the time interval found in step (a) and the 
flow rates schedule to determine the gas and liquid mass 
flow rates to be used in the calculations.
c)Assume a mud velocity at the position of interest 
and calculate the pressure drop for the liquid flowing 
ahead of the mixture (use Equation 4.26 without the 
elevation term). This pressure drop is the pressure at the 
point of interest since atmospheric conditions prevail at 
diverter line exit throughout Phase III.
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d)Calculate the gas properties at the mixture leading 
edge using the pressure calculated in step (c) and gas and 
liquid mass flow rates. Determine the mixture velocity at 
that point.
e)Compare the mud velocity from step (c) with the 
mixture velocity from step (d). They should be equal. If 
so, the pressure calculated in step (c) is the surge 
pressure at the point of interest. If the velocities are 
not equal, guess another mud velocity and repeat the 
process until it converges.
If desired, the pressure at any other place inside
the diverter at that time can be calculated by using one
of these two approaches: a)the point in consideration is 
ahead of the mixture boundary - the pressure drop gradient 
calculated in step c is multiplied by the distance from 
the diverter exit to yield the pressure at that location,
and b)the point is behind the mixture boundary - in this
case a pressure traverse technique for two-phase mixtures 
is utilized. This technique will be presented soon in this 
chapter during the description of the diverter model for 
Phase IV.
During Phase IV only the two-phase mixture flows 
inside the diverter line, and two situations can occur at 
the diverter exit:
a)During the early stages of this phase, critical 
flow conditions take place at that location. Critical flow 
occurs when the velocity of a compressible fluid is sonic.
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Under these conditions, the flow becomes independent of 
any downstream disturbance of pressure, density or 
temperature (Brill and Beggs, 1978). Another implication 
of critical flow is that the pressure at the diverter line 
exit is above the atmospheric pressure.
b)After depletion of the wellbore (during the 
experimental runs it occurred about 30 seconds after 
mixture breakthrough), subcritical conditions again 
prevail at diverter line exit.
The calculation procedure for this phase is based on 
a steady state diverter numerical simulator developed at 
Louisiana State University and experimentally tested for
1-inch, 2-inch and 6-inch diverter lines. The theory 
behind this simulator and experimental results can be 
found in the paper "An Analysis of the Design Loads Placed 
on a Well by a Diverter System" by Beck et al (1987). Two 
important aspects of this theory are now discussed:
a)The two-phase critical flow was modeled by the 
following equation presented by Wallis (1969):
vc =
[Pj • H + Pi • (l —h)] I--- H—  + - 1- M
\Pi *V§1 Pg *v§g/
.. (4.32)
the adiabatic critical velocity of the gas vC0 is 
given by:
vc g = 41.4 . y i H Z j  ..........................  (4.33)
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and the critical velocity of a liquid vcl can be 
calculated by:
v°j = 24,9 ■  <4-34)
Equation 4.32 yielded good results for the 1-inch and
2-inch diverter but underestimated the critical velocities 
for the 6-inch diverter.
b)The calculation of pressures along the diverter 
line (pressure traverse) was performed by discretizing the 
diverter line and solving the following equation in each 
grid at constant gas and liquid input flow rates:
A_£ 





F R I C .
where the kinetic term accounts for the pressure changes 
due to variations of kinetic energy. This term becomes 
important for grids close to the diverter line exit where 





K I N . A X
[ vi  *Pg + vi 'P1 *H I1 “
[ vg *Pg *(l-H) + »pi »H ]2 j- --- (4.36)
where subscripts 1 and 2 refer to the grid boundaries.
The friction term was modeled using the Dukler 
correlation for horizontal flow of two-phase mixtures.
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This correlation provides the liquid hold-up and two-phase 
friction factor needed for the estimation of frictional 
pressure losses. Description of this correlation can be 
found in reference Dukler (1964). Additionally, Brill and 
Beggs (1978) presented a computer subroutine of this 
correlation.
This theory for calculating pressure traverse was 
tested by comparing its predictions with experimental 
results. Good agreement was attained for 1-inch and 2-inch 
diverter lines and the 6-inch results were acceptable.
This LSU simulator was modified to be coupled with 
the unsteady state model for the wellbore. For a certain 
time step, it is assumed that the calculated gas and 
liquid mass flow rates from the wellbore are constant over 
the entire diverter line length. This signifies that the 
diverter model is treated as a series of steady state 
conditions.
The first step in solving the diverter model for 
Phase IV is to determine the exit pressure (critical 
pressure) for the critical flow situation that occurs 
right after the mixture breakthrough. An iterative 
procedure is carried out to determine the critical 
pressure that makes the mixture and critical velocities 
(both functions of this pressure) equal; afterwards, the 
pressures along the diverter line are calculated from the 
exit to entrance of the diverter line by using the
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technique for pressure traverse calculation discussed 
above.
Similarly, when the flow becomes subcritical after 
depletion of the wellbore, the same pressure traverse 
calculation procedure is applied, but now the exit 
pressure is set at zero (atmospheric pressure).
4.5. GLOBAL CALCULATION PROCEDURE
The four submodels were coupled in the sequence shown 
in Figure 27 to produce a global calculation procedure for 
computing the flow variables for the wellbore-diverter 
system as functions of location and time. The flow through 
the submodel nodes observed the following considerations:
a)Pressures (and consequently gas densities) and 
liquid hold-ups are common to contiguous models.
b)Gas and liquid mass flow rates are conserved.
c)Gas and liquid in-situ velocities are corrected for 
changes in cross-sectional area.
As noted before, the solution for flow variables 
depends on the setting of initial and boundary conditions. 
Inspection of Equations 4.22 and 4.23 shows that the 
following flow properties should be defined before and 
during the global solution procedure:
a)Flow properties at the upstream boundary of the 
first tubing string cell (equivalent to point 5 in Fig. 
29).
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These boundary conditions at the injection point 
should be defined in each time step. They are as follows:
1)injection pressure, which is a guess of an iterative 
process to be discussed in the next section, 2)gas density 
calculated at the pressure defined in item 1, 3)gas 
velocity calculated by using the gas injection flow rate 
and the guessed injection pressure at the time step under 
consideration; and 4) liquid velocity and hold-up which 
are null once no liquid is injected.
b)Flow properties that define the initial conditions 
for the upstream boundary of the first tubing string cell 
at first time step (equivalent to point 1 in Fig. 29).
These properties are defined only for the first time 
step. The liquid hold-up is 1.0, and the gas density and 
velocity are zero. The initial liquid velocity is an 
unknown. Zero would be the first value attempted because 
the system should be at rest initially; however, some flow 
was observed before the valve was completely opened at the 
injection lines.
Consequently, a reasonable value for this parameter 
was assumed based on the measured gas flow rate and the 
injection pressure just after the beginning of the 
experimental run. This assumption caused a negligible 
effect on the subsequent calculations.
c)Flow properties that define initial conditions for 
the downstream boundary of the leading cell in each time 
step (equivalent to point 2 in Fig. 29).
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As a new leading cell is generated in each time step, 
initial conditions should also be defined at the 
downstream boundary in each time step until the end of 
Phase II. They are specified as follows: l)gas density and 
gas velocity are set null, 2)liquid velocity is set equal 
to liquid velocity at the upstream boundary in the 
previous time step (point 5 in Fig. 29), and 3) liquid 
hold-up is set at 1.0.
The pressure at the diverter line exit represents 
another boundary condition. It is zero (atmospheric) for 
subsonic flow. When sonic flow exists at the diverter 
line, this pressure is found by the iterative procedure 
discussed in the last section.
Two algorithms were devised to merge the calculation 
techniques for all four submodels into a global 
calculation procedure which provides a solution for any 
flow variable at any spatial location and time considering 
a given set of boundaries and initial conditions.
The first algorithm was designed for Phases I and II. 
It is based on the procedure listed below:
1)Define the liquid/mixture interface position and 
calculate the time increment by dividing the grid length 
(tubing or annulus, whichever is applicable) by the 
mixture leading edge velocity for the previous time step.
2)Guess an injection pressure and determine the other 
boundary conditions at the injection point.
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3)Use the calculation procedures for each submodel to 
determine the pressure drops throughout the system (see 
Figure 31).
4) Sum all the pressure drops to determine the 
calculated injection pressure. If during the calculation 
process a negative liquid velocity is found, discontinue 
the process and guess a lower injection pressure. On the 
other hand, if a negative pressure is found or convergence 
is not obtained inside a cell, discontinue the process and 
raise the guessed injection pressure.
5)Compare the guessed and calculated pressure values. 
If they lie within an acceptable tolerance, repeat the 
process for another time step. If not, guess another 
injection pressure and repeat calculations from step 2.
The calculation proceeds until the mixture reaches 
the wellhead (end of Phase II). Thenceforth, the other 
algorithm takes control of the process. It is described 
below:
1)Define a time step. Three seconds should be a good 
value.
2)Guess an injection pressure and determine the 
boundary conditions at the injection point.
3)Use the calculation procedures for tubing string 
and annulus submodels to find the flow variables inside 
the wellbore. If during the calculation process a negative 
liquid velocity is calculated, interrupt the process and 
guess a lower injection pressure. On the other hand, if a
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negative pressure is found or convergence is not obtained 
inside a cell, discontinue the process and guess a greater 
injection pressure value. Keep the calculated values of 
pressure, and gas and liquid mass flow rates at the 
wellhead.
4)Determine the flow conditions (sonic or subsonic) 
and pressure at the diverter line exit using the wellhead 
gas and liquid mass flow rates from step 3.
5 )Use the diverter submodel to calculate the pressure 
at the diverter line entrance. Compare this pressure with 
the wellhead pressure from step 3. If they are within an 
admissible tolerance, repeat the process for another time 
step. If not, guess another injection pressure and repeat 
calculations from step 2.
The pressure drop distribution for this algorithm is 
shown in Figure 32. The secant method was used in both 
algorithm as the root finding technique needed for the 
injection pressure convergence process.
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CHAPTER V
COMPUTER PROGRAM AND RESULTS OF NUMERICAL SIMULATIONS
5.1. INTRODUCTION
This chapter shows the implementation of the 
calculation procedures of Chapter IV in a computer program 
where emphasis is given to the input/output design. It 
also shows sets of experimental conditions used as input 
information for the simulations. Also in this chapter, the 
simulation results are analyzed after comparison with 
experimental data.
5.2. COMPUTER PROGRAM
A FORTRAN computer program was specifically written 
for the existing conditions during a well unloading 
experiment applying the theory previously described. Thus, 
the accuracy of the numerical model could be evaluated by 
simulating those conditions and comparing the model 
predictions with the experimental data.
The heart of the computer program is the algorithm 
that iterates the injection pressure until an agreement 
between its guessed and calculated values is attained. 
When that agreement is reached, all flow variables are
105
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automatically known at any location of the system for the 
time step under consideration. The computer program also 
manages the updating process that replaces flow variables 
of the old time step by the current variables just 
calculated. This process is needed for the calculations of 
the next time step.
Further details about the computer program will not
be discussed here. However, some comments about the input
and output design are appropriate at this point.
The processes of data input and output were performed 
through READ and WRITE statements using distinct data 
files.
The following input data from the experimental work 
have been held constant for all nine computer runs:
Tubing string length : 1117.5 feet 
Diverter line inside diameter : 4.897 inches 
Diverter line length : 81.5 feet
Casing inside diameter : 5.92 inches
Absolute roughness : .00065 inches 
Tubing external diameter : 2.875 inches 
Tubing inside equivalent diameter : 2.389 inches (an 
equivalent diameter was used to account for the electrical 
cable running inside the tubing string)
Gas temperature : 90 F
Gas specific gravity : .65 (air=l.)
Gas/liquid surface tension : 70 dynes/cm 
Maximum number of time steps : 40
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Final number of tubing string cells : 10 
Final number of annulus cells : 15 
Time step size for Phase IV : 3 seconds 
Diverter cell lengths : the most upstream cell of 
16.5' and the other five of 13 feet.
For each particular run the computer program reads 
the corresponding information of gas injection flow rates 
(Fig. 15 to 18) and drilling fluids properties (Table 2).
The computer program outputs the following values for 
each time step:
Diverter line pressure at diverter exit
Diverter line pressure 13 feet from diverter exit
Diverter line pressure 26 feet from diverter exit
Diverter lihb pressure 65 feet from diverter exit
Injection pressure
Bottomhole pressure
Liquid return flow rate
The computer program outputs these data in a tabular 
form which is inconvenient for analysis and display. As a 
result, a commercial software was used to show these 
results in a graphical format. Appendix A shows plots of 
these simulated functions for all runs along with the 
corresponding experimental results.
5.3. ADJUSTMENTS TO THE COMPUTER PROGRAM
To improve the concordance between the measured and
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calculated values of unloading functions, some of the 
theoretical considerations were varied and studied after 
comparing the "simulation and experimental results. This 
sensitivity analysis was very useful in testing some 
finite difference schemes and selecting the two schemes 
shown in Chapter IV. The final number of cells in the 
tubing string (10) and annulus (15) as well as the time 
step size to be used during Phase IV (3 seconds) were also 
defined during this analysis.
The most important contribution of this analysis was 
the introduction of the adjustment factor concept. This 
factor was used to correct the calculation of liquid 
hold-up at the mixture leading edge that, according to 
experimental evidence, was overestimated. This adjustment 
factor represents the liquid hold-up at the downstream 
boundary of the leading cell to be defined as an initial 
condition for each time step (item c of the discussion 
about boundaries and initial conditions in Chapter 4).
Figure 33 shows results of simulated diverter 
pressure at 65 feet from the diverter exit for run #3 
using the same initial condition for the leading cell as 
that described in Chapter IV, i. e., liquid hold-up 
(adjustment factor) equal to one for tubing string and 
annulus submodels. The shape and magnitude of that curve 
differ considerably from those of the experimental curve. 
This mismatch was due to the overestimation of liquid 
hold-up in the leading cell. This higher computed liquid
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Figure 33 Simulation for adj. factors: tubing-1.0; annulus-1.00
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hold-up was a result of the difficulties in modeling the 
leading cell in which the content changes sharply (in a 
time step) from unmixed liquid to two-phase mixture. 
These fluids have very diverse physical properties.
As a rigorous modeling of the physics inside the
mixture leading cell seems to be extremely complex as is
the acquisition of supporting experimental data, it was 
decided to continue with the theory of Chapter IV and to 
seek an adjustment factor that forces the simulated 
results to conform with the experimental data.
Adjustment factors of .5 for the tubing string and .3
for the annulus have improved the curve shape (Figure 34),
but the pressure peak has still been lower than the 
experimental pressure peak. For the same factor for the 
tubing but .15 in the annulus, the agreement between 
curves was excellent (Figure 35). As a result, these 
values have been used for all simulations. The 
introduction of this factor has not detrimentally affected 
the other unloading functions, i. e., injection pressure, 
bottomhole pressure and mud return flow rate.
The effect of this factor can be seen easily in 
Equation 5.1 which results from algebraic manipulation of 
Equation 4.22:
( vj • H )5 + ( Hi + H2 - H5 ) • — ^ --
H6 = -------------------------------------   (5.1)
v6 + Ax -  
2 • A t
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Figure 35 Simulation for adj. factors: tubing-0.5; annulus-0.15
112
113
For the leading cell, this adjustment factor (or initial 
condition for the leading cell) is represented by H at 
point 2. Decrease of this parameter value implies a 
reduction of the calculated value for liquid hold-up at 
the leading edge at the present time step (H6).
5.4. ANALYSIS OF NUMERICAL SIMULATIONS
In this section the model accuracy is analyzed 
through a graphical comparison between the experimental 
data discussed in Chapter III and the results of the 
numerical simulations. Diverter line pressures are more 
extensively analyzed because they are the main objective 
of this study. Due to the overwhelming amount of data to 
be examined, only run #3 is discussed here; however, 
broadly speaking, all other runs followed similar trends.
Figures 36 to 39 show the diverter pressure at the 
four locations mentioned early. Very good agreement was 
observed between the experimental data and simulation 
curves, including the surge pressure prediction. The 
numerical model, however, predicted smaller pressures than 
those experimentally measured for the latter stage of the 
well unloading. Initially, it was suspected that the 
adjustment factors used in the simulation had lowered the 
liquid hold-up. But an inspection of Figure 33 shows that 
the mismatch persisted even for a factor of one. A 
possible reason could be the inadequacy of the two-phase
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flow correlation in predicting friction pressure losses 
inside the diverter line. Further investigations were not 
carried out because this difference only slightly affects 
the overall performance of the simulator.
Figure 40 shows a very good agreement between the 
experimental and simulated mud return flow rates.
Figure 41 -illustrates a comparison between the 
simulated injection pressure, which represents the 
summation of pressure drops throughout the system, and the 
measured gas pressure at the injection point. Good 
agreement - the same is true for other runs - was 
observed for the first portion of the curves that 
corresponds to Phase I (mixture leading edge inside tubing 
string). For Phase II the model predicted lower pressures 
than those measured. Prediction of lower injection 
pressure, however, is the expected behavior since 
bottomhole pressure falls drastically during this phase. 
The problem here is to explain why the injection pressure 
remained almost constant during the experimental run.
A likely cause would be an unaccounted pressure loss 
that could exist at the tubing string restriction during 
the flow of the mixture through it. This restriction may 
also impose critical flow conditions at the bottom of the 
well. However, to verify any conjecture, the exact 
bottomhole configuration should be known. As this 
information was not available, further investigations have 
been discouraged. Additional discussion about the
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Figure 41 Experimental and simulation injection pressures
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bottomhole configuration can be found in Appendix F.
Figure 42 displays the bottomhole pressure curves. 
Very good agreement is attained during Phase I. Lower 
pressures are predicted for Phase II of this run, but both 
curves display similar shapes.
Despite the fact that portions of some functions have 
only displayed a fair agreement between experimental and 
simulated results, the overall performance of the 
simulator in predicting the well unloading functions 
should be regarded as very good. This is particularly true 
when considering all the uncertainties of the adopted 
theoretical models dealing with two-phase flow of 
non-Newtonian fluids under unsteady state conditions, 
annular geometries and critical flow of such fluids, as 
well as the inherent errors of a full-scale experiment.
The surge pressures are now more deeply analyzed. 
Figures 43 to 46 show the calculated pressure peak 
magnitude plotted against the measured pressure peak 
magnitude for all nine experimental runs. Two bands 
representing relative errors of +25% were plotted to give 
a global view of the magnitude and distribution of errors. 
The relative error is defined as the ratio of absolute 
error to measured value of pressure. The absolute error is 
the difference between the calculated and measured values.
In general, a visual inspection of these plots has 
brought to attention the following facts:
a)Viscous muds (runs # 6 to 9) have yielded the
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highest relative errors. This behavior was expected 
because of the non-Newtonian comportment of these muds.
b)Thin mud and water (runs # 1 to 5 ) have produced 
the highest surge pressures. These runs are associated 
with higher gas flow rates. Also, runs with the same kind 
of mud have usually shown higher pressure peaks for higher 
reservoir permeabilities and, consequently, higher gas 
flow rates. These two facts suggest that gas flow rate had 
a major effect on the magnitude of the surge pressures 
inside the diverter line.
c)For the location at 65' from the diverter exit, the 
measured values of surge pressure have been greater than 
the calculated values for the most of the runs. For the 
diverter exit the situation is reversed. This indicates a 
slight tendency of overestimating the surge pressures 
toward the diverter exit.
d)The great majority of points lied within the two 
bands of 25% relative error, indicating good simulation 
results for the diverter surge pressures.
Figure 47 shows the excellent concordance between the 
measured and calculated times for the arrival of the 
mixture at the surface.
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CHAPTER VI
APPLICATION OF NUMERICAL MODEL TO FIELD CASES
6.1. INTRODUCTION
This chapter shows the modifications performed in 
the computer program to enable it to simulate real well 
unloading situations using diverter systems. The modified 
computer program has been used to anticipate and analyze 
the pressure behavior inside well-diverter systems for 
four diverter operation field cases. Also in this chapter 
is the description of the gas reservoir mathematical model 
used in the simulations.
6.2. COMPUTER PROGRAM MODIFICATIONS
The computer program described in Chapter V has 
undergone some modifications to make it suitable for 
simulations of actual diverter operations. The most 
important modifications follow:
l)The gas is now supplied by a gas reservoir located 
at the bottom of the well rather than by a pipeline with 
injection down through a tubing string. As a result, the 
tubing string and restriction submodels were removed from
129
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the computer program. The gas flow rates are calculated 
based on a gas reservoir mathematical model to be 
described in the next section.
2)The two global algorithm procedures described in 
Chapter IV had to be modified to fit the new system, i. 
e., reservoir-annulus-diverter system. The modified 
procedures guess a bottomhole pressure and use that 
pressure to find a gas flow rate by applying the gas 
reservoir model. This gas flow rate is used to calculate 
the pressure drops inside annulus and diverter line (and 
at diverter exit if critical flow conditions exist at that 
location). These pressure drops are added to yield the 
calculated bottomhole pressure which is compared with the 
guessed bottomhole pressure. The process is iterated until 
convergence on bottomhole pressure is attained.
3)The annulus submodel can now handle two different 
geometries: one extending from the bottom of the well to 
the casing shoe depth representing the uncased portion of 
the well (very suitable for analyzing pilot wells) and the 
other running from the casing shoe to the wellhead. The 
annulus inner diameter is constant over the entire well 
length and given by the outside diameter of the drill pipe 
string.
4)Provision has been made to include the injection 
(or circulation) of a drilling fluid through the drill 
pipe string at constant flow rate during the unloading 
process. When injection of a fluid is present, the liquid
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hold-up at the bottom of the well is different from zero, 
and its value is calculated from the gas and liquid input 
flow rates and the gas slip velocity correlations 
described in Chapter IV. As these correlations depend on 
the liquid hold-up, which is the quantity to be found, an 
iterative process is required.
5)A temperature profile was incorporated into the 
computer program. It was' assumed that the temperature 
varies linearly with depth from the surface flowing 
temperature at the diverter exit to the reservoir 
temperature at the bottom of the well.
6)The modified computer program requires that the 
size of the first time step be assumed since this value is 
unknown. For the field cases simulated in this work, 
assumed values between 4 and 15 seconds were satisfactory. 
This choice, however, has negligible effect on the 
calculations of subsequent time steps.
6.3. GAS RESERVOIR MODEL
The gas reservoir model developed in this research 
is based on the theory for multirate flow tests in gas 
wells. This theory is very suitable to model a gas blowout 
situation because it accounts for changes in gas flow rate 
values during the unloading process of the well. The gas 
reservoir model was coupled to the well-diverter system to
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provide the gas flow rate for a certain value of 
bottomhole pressure.
As stated by Al-Hussainy and Ramey (1966), the 
pressure at the sandface (in this dissertation it is 
equivalent to bottomhole pressure) of an infinite gas 
reservoir produced at constant flow rate, including skin 
(S) and turbulence or non-Darcy (D) effects, is given by:
where ct is the total compressibility approximated by:
The gas compressibility in Equation 6.4 and the gas 
viscosity in Equation 6.3 are evaluated at the reservoir 
initial pressure. The non-Darcy factor (D in Equation 6.1) 
has the same definition as in Equation 3.2.
[log(2 .2454»tD) + 0.87»S + 0.87*D«q] (6 .1)
where the real gas pseudo-pressure is defined as:
(6.2)
and the dimensionless time is given by:
tD = 7 .333* 10"8»---- — ----
<1> • (m,‘Ct)i • r&
(6.3)
ct = Cg«(l-Swi) (6.4)
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Equation 6.1 is now generalized to a blowout 
situation where the gas flow rate varies with time. This 
is accomplished after applying the principle of 
superposition (Lee, 1982) to Equation 6.1. Thus, for a 
time step n, the resulting equation is:
m (Pbh) = m (Pres) - 5-.792*1Q7,pb*T .
k»h»Tb
{ n-l
X  [(Qj-Qj-i) * log (2 . 2454 *tDj)] + 
j=i
(Qn-Qn-l) -log (2.2454*tDn) + 0.87*Qn • (S+D«Qn) J- ...  (6.5)
After algebraic manipulations, this equation becomes
[m (Pres)~ m  (Pbh)] [(Qj_Qj_i) , log (2 .2454«tDj)]
5 . 792 »107,Pb*T j-i
- Qn -log (2.2454 •tDn) + Qn_i«log (2.2454»tDn)
- 0.87 • Qn • (S+D*Qn) = 0 .............................. (6-6)
Calling the first term A and the summation term B and 
rearranging the terms, a quadratic equation relating the 
gas flow rate to bottomhole pressure and time is yielded:
2 + 0.87 » S + log (2.2454 » tDn) . Q +
0.87 • D "
B - A - Qn-T * log (2.2454 * tDn) _ q ................  (6.7)
0.87 • D
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Equation 6.7 can now be used to calculate the gas 
flow rate at time step n for a certain value of bottomhole 
pressure.
In summary, the gas reservoir model works in the 
following straightforward way: for the time step under
consideration, the guessed bottomhole pressure value is 
substituted into Equation 6.7 which is then solved for the 
corresponding gas flow rate.
6.4. ANALYSIS OF FIELD CASES
Diverter operations for four different shallow gas 
drilling environments were analyzed utilizing the modified 
computer program.
For each computer run, pressures at important points 
of the wellbore-diverter system ( diverter exit, wellhead, 
casing shoe and bottom of the well) are displayed on the 
same plot as functions of time. The maximum wellhead 
pressure is reported on the graphs along with the 
corresponding upward thrust which is found by multiplying 
this maximum wellhead pressure by the area of the annular 
space just below the BOP (which is called BOP area in this 
work). Evaluation of this upward force is significant 
because it imposes high loads on the upper portions of the 
well. These loads are particularly important for a 
floating rig due to the possibility of failure of the 
telescopic slip joint. Roche (1986) reported an actual
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
135
blowout where this upward force pushed the inner barrel of 
the telescopic joint through the rig floor, raising all 
drilling equipment above it, including the diverter outlet 
which had been separated from the diverter line.
Gas reservoir flow rates for each run are also 
presented graphically.
Based on these plots, a detailed analysis has been 
performed for each particular situation, where emphasis 
has been given to the magnitude of pressures generated 
during the diverter operations. These analyses provide an 
improved understanding of the diverter operation process 
that can be useful in improving design criteria of 
diverter systems as well as operational practices during 
actual diverter operations.
a)Case 1
Figure 48 shows the drilling environment considered 
for Case 1. The wellbore-diverter system geometry is the 
same as that used in the experimental work; however, the 
reservoir gas flow rates simulated are considerably 
higher. Eight computer runs were performed for this case, 
and all runs regarded water as the drilling fluid. Two 
sets of four runs are considered in this analysis.
For the first set (Fig. 49 to 52), the depth of the 
casing shoe was 997.5 feet and the reservoir permeability 
was 2000 md. This set investigates the effects of
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circulating drilling fluids and the adjustment factors on 
pressure behavior during a diverter operation. Comparisons 
between Figures 49 and 50, and between Figures 51 and 52 
confirm what was discussed in the last chapter: it could 
be difficult to model the peak of pressure (surge 
pressure) observed in the experimental runs without using 
an adjustment factor. When this factor is not considered 
(adjustment factor equal to 1), the wellhead pressure 
profile is rounded, and its maximum value is smaller and 
does not occur at the moment that the gas surfaces. These 
comparisons also show that the casing shoe and bottomhole 
pressures are higher when the adjustment factor is 1. The 
effect of an adjustment factor on pressure behavior is 
less pronounced when drilling fluid circulation exists 
during the unloading process.
The effect of fluid circulation during the well 
unloading process is to increase the casing shoe and 
bottomhole pressure due to higher pressure drop inside the 
annulus. Increase of bottomhole pressure results in 
smaller gas flow rates from the reservoir (Fig. 53) and 
lower wellhead peak pressure (Fig. 51 and 52).
For this set of graphs, Run 1A has shown the highest 
wellhead pressure. Due to the small BOP area existing in 
this case, upward thrusts were calculated to be as low as 
5000 lbf.
The other set of graphs investigates the effects of a 
reservoir permeability of 8000 md and a casing shoe depth
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of 317.5'. Figures 54 to 56 show the simulation results 
for three water circulation flow rates and adjustment 
factor equal to 0.15. These figures demonstrate that the 
higher the water circulation flow rate is, the smaller the 
wellhead surge pressure will be. The highest wellhead 
pressure occurred when there was no circulation during the 
well unloading process. Figure 57 shows a non-circulation 
situation simulated with an adjustment factor of 1.0. The 
behavior of pressures is similar to that discussed 
previously.
The permeability of 8000 md resulted in higher gas 
flow rates (Figure 58) and wellhead surge pressures when 
compared with those at 2000 md.
An important conclusion drawn from these two sets of 
graphs is that the surge pressure observed at the wellhead 
is not entirely transmitted downward inside the annulus. 
Indeed, it is quickly attenuated with depth and vanishes 
at a certain depth. The first set of graphs shows that the 
surge pressure has no effect on casing shoe pressure. The 
other set (that considers a relatively shallow casing seat 
depth) shows only a small increase in casing pressure 
values when the gas surfaces.
b)Case 2
This hypothetical field case is based on an actual 
shallow gas blowout described and analyzed by Beck (1986).
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The wellbore-diverter system configuration and reservoir 
parameters are shown in Figure 59. Ten runs were performed 
to analyze the wellbore-diverter pressure responses to 
changes in mud circulation flow rate, reservoir 
permeability, viscous drilling fluids, diameter of 
diverter line and formation thickness. These ten runs were 
grouped into three sets according to the considered 
reservoir permeability. The adjustment factor used in all 
runs of this case (also for Case 3 and Case 4) was 0.15.
The first set of graphs (Figures 60 to 63) studies 
situations where the reservoir permeability was 2000 md 
and a 10-inch diverter line was used. Runs 2A and 2B 
regarded water as the drilling fluid while Runs 2C and 2D 
considered the intermediate viscosity mud used in the 
experimental work as described in Chapter III. The 
properties of that mud were: a) mud weight: 8.75 lbm/gal;
b) flow behavior index (n'): 0.467; c) consistency index 
(Kp ' ): 0.00758 lbf.sP' /sq.ft.; and d) plastic viscosity : 9 
cp. Minor disagreements on pressure behavior as well as on 
gas flow rates (Figure 64) were observed for the two kinds 
of drilling fluid. Water runs have shown rather higher 
surge pressures.
The second set (Figures 65 to 67) analyzes the effect 
of diverter line diameter on pressure behavior for a 
reservoir permeability of 10000 md. The intermediate 
viscosity mud was used in the simulations. Examination in 
Figures 65 to 67 shows that the 6-inch diverter line has
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produced higher wellhead pressure and the highest value 
has been attained for a noncirculation situation. Also, an 
upward thrust as high as 227000 lbf has been calculated 
for this situation. These results stress the risks of 
using diverter lines with small diameter. An interesting 
aspect of the 6-inch diverter line simulations is that the 
maximum wellhead pressure does not occur when the gas 
surfaces, but a few seconds later.
Figure 68 shows the gas flow rates for the second set 
of computer runs.
In the third set of graphs, the effect of two very 
different formation capacities (product of permeability x 
thickness) on well-diverter system pressures is analyzed. 
Figures 69 and 70 show respectively the pressure behavior 
for a 300 and 0 gpm (gallons per minute) circulation flow 
rates when a 1000000 md-ft capacity is considered, while 
Figure 71 displays the pressure behavior for a very low 
capacity of 16000 md-ft and no circulation. The main 
difference between the low and high capacity simulations 
was the producing gas flow rates as seen in Figure 72. 
Consequently, higher pressure inside the well-diverter 
system (due mainly to frictional pressure losses) is 
expected for a high capacity situation.
For the conditions simulated in Case 2, the maximum 
pressure at the casing shoe always occurred when the gas 
reached that depth.
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Case 3 is based on an example given by Koederitz et 
al (1987) for a platform drilling rig operating in shallow 
water depth (190 ft.). However, the reservoir pressure was 
assumed in this case to be 1400 psi to investigate 
overpressured gas reservoirs.
Water was the drilling fluid used in the all three 
conditions simulated.
Figure 73 shows the drilling environment and 
reservoir parameters considered for Case 3.
Figures 74 and 75 show the results of simulations 
when a 10-inch diverter line is used. A mud flow rate of 
400 gpm (Run 3A) has yielded smaller pressures than those 
when no circulation is considered (Run 3B).
The highest wellhead casing pressure (668 psi) was 
calculated for a situation with no circulation of drilling 
fluid but utilizing a 6-inch diverter line (Run 3C shown 
in Figure 76).
This again emphasizes the hazards of using diverter 
lines with small inside diameter.
The effect of an overpressured reservoir was to 
produce higher gas flow rates than those calculated for 
normally pressurized reservoirs.
Figure 77 shows the gas flow rates for Runs 3A, 3B 
and 3C.
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d)Case 4
Case 4 analyzes an example given by Koederltz et al 
(1987) for a floating rig operating in deep waters (1800 
feet of water depth).
An overpressured gas reservoir was considered with 
1800 psi, and the simulations used water as the drilling 
fluid.
It was assumed that the rig was equipped with a 
mariner riser that allows the flow to return to the 
floating rig.
Figure 78 shows the reservoir parameters for this 
case of study and the wellbore-diverter system 
configuration. The marine riser and the 30-inch casing 
were assumed to have the same inside diameter: 28 inches.
Figures 79 and 80 show respectively the pressure 
behavior for 10-inch and 8-inch diverter lines, both 
situations without considering drilling fluid circulation. 
As expected, the 8-inch line has produced higher 
pressures. Differences between the pressures generated by 
these two diverter geometries were small, however.
An important point to be noted is the magnitude of 
the upward thrust (247500 lbf) acting on the upper portion 
of the well that includes the slip joint. Failures of slip
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joint have already caused the collapse of entire diverter 
systems in floating rigs during shallow gas events.
Figure 81 shows the gas flow rates for the two runs 
of Case 4.
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
7.1. SUMMARY AND CONCLUSIONS
1) The oil industry has been using diverter systems as 
an alternative technique for handling shallow gas 
blowouts. The usage of such systems is associated 
with high failure rates, however.
2) Although recent studies have improved design 
criteria and operational procedures for diverter 
systems, none of them investigated dynamic loads 
generated during diverter operations deeply.
3) To experimentally study the dynamic loads during 
diverter operations, a full scale well-diverter 
apparatus was designed and built at LSU Blowout 
School. This experimental apparatus was equipped 
with a sophisticated data acquisition system.
4) The gas reservoir behavior during a well unloading 
process was modeled by a microcomputer-assisted 
experimental simulator especially designed and 
implemented for the experiments. Its performance 
was satisfactory for most of the experimental runs.
5) Nine experimental simulations of well unloading 
through a diverter line were performed by using
177
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combinations of four drilling fluids and three 
reservoir permeabilities. All important functions 
were recorded for all runs.
6) An unsteady state two-phase flow numerical
procedure was developed and implemented in a 
computer program for matching the experimental 
data. Emphasis was given to prediction of pressure 
peaks in the diverter line. The procedure solves 
the flow differential equations by using the 
method of finite differences. Provision was made 
to account for critical flow at the diverter exit.
7) Comparison between experimental and simulated data 
suggested that the computer program calculated high 
values of liquid hold-up for the leading cell. This 
was corrected by introducing an adjustment factor. 
Experimental and simulation results showed that the 
gas flow rate has a major effect on the magnitude 
of the pressure peak.
8) A modified computer program including a 
mathematical gas reservoir simulator was used to 
investigate four field cases. The most important 
aspects of the simulations follow:
-An adjustment factor was needed to simulate better 
surge pressures. The effects of the adjustment 
factor were to improve the shape of the wellhead 
pressure curve, to increase the magnitude of the 
wellhead surge pressure and to reduce the
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bottomhole pressure during the unloading phase. 
These effects were less pronounced when circulation 
was considered.
-In general, high formation capacities, low 
circulation flow rates or no circulation at 
all, low viscosity and light muds, and large 
initial differential pressure on the gas reservoir 
(overpressured reservoir) produced higher maximum 
wellhead pressures and reservoir gas flow rates. 
-For most of the computer runs, the maximum 
pressure at the casing shoe occurred when the gas 
reaches that point. For shallow casing shoe depths, 
another pressure peak was noted when the gas 
surfaces. This second peak results from the 
downward transmission of the surface pressure peak 
at gas breakthrough. However, this transient is 
quickly attenuated with depth.
-Small diverter line diameters resulted in high 
maximum wellhead pressures and high upward loads on 
the upper portions of the well.
9) Experimental and simulation results showed that the 
magnitude of the pressure peaks ranged from 
1.2 to 18 times the diverter pressure at steady 
state conditions. The pressure peaks are caused by 
the fast increase in velocity of the liquid flowing 
ahead of the two-phase mixture when the gas 
approaches the surface.
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10) Based on values of wellhead pressure simulated 
using actual drilling conditions, the diverter 
system components should be designed to withstand 
pressures as high as 1000 psi.
7.2. RECOMMENDATIONS
For both experimental and theoretical future work, the 
following recommendations are made.
1) Experimental work should be performed in a 
larger well-diverter geometry or actual field data 
could be gathered when drilling in shallow gas 
areas to check the predictions of the mathematical 
model for larger geometries.
2) Higher gas flow rates should be used in the 
experiments to investigate higher formation 
capacities. This could be accomplished by using 
three nearby wells to pressurize and store 
injection gas.
3) Critical flow of two-phase mixtures at diverter 
exit should be further investigated.
4) The computer program should be modified to include 
more than two annular geometries. The possibility 
of critical flow should be investigated in each 
node.
5) The computer program could be modified to simulate
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other well control situations; for instance, the 
kick removal process. Thus, experiments using 
heavier muds should be of interest.
6) A better approach to model the liquid displacement 
by gas inside the leading cell should be sought. 
This might avoid the use of adjustment factors.
7) Another source of gas and a gas flow controller 
valve with higher resolution should be used to 
improve the performance of the gas reservoir 
experimental simulator.
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NOMENCLATURE
C Parameter of the gas slip velocity equation,
dimensionless 
c Compressibility, psi-1
D Pipe diameter, ft
d Pipe diameter, ft
FBHP Flowing bottomhole pressure, psi 
f Fanning friction factor, dimensionless
H Liquid hold-up (volumetric fraction of liquid),
dimensionless 
h Formation thickness, ft
K Resistance coefficient, dimensionless
K' Consistency index, lbf • secn'/ft2
k Permeability, md
M Gas molecular weight, lbm/lb-mole
n 1 Flow behavior index, dimensionless
P Absolute pressure, psia
Pb Base pressure, 14.7 psia
PV Plastic viscosity, cp
p Manometric pressure, psi
Q Gas flow rate, MMscf/day
R Ratio of inner to outer diameters
185
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re Reservoir drainage radius, ft
rw Wellbore radius, ft
S Skin factor, dimensionless
SG Gas specific gravity, air = 1.0
s„ Reservoir water saturation, dimensionless
s Two-phase multiplier, dimensionless
T Absolute temperature, °R
Tb Base temperature, 520 °R
t Time, seconds
Dimensionless time
V Flow velocity, ft/sec
vc Critical velocity, ft/sec
X Spatial location, ft
Y Gas expansion factor, dimensionless
YP Yield point, lbf/100ft2
Z Gas compressibility factor, dimensionless
Y Ratio of specific heats, dimensionless
\ Input liquid hold-up, volumetric fraction
P Viscosity, cp
P Density, lbm/gal
a Gas/liquid surface tension, dynes/cm
4> Reservoir porosity, dimensionless
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APPENDIX A
This appendix shows plots of data for all experimental 
runs and the corresponding simulation results. Nine sets of 
graphs show the following functions plotted against 
displacement time:
Diverter line pressure at diverter exit.
Diverter line pressure at 13 feet from diverter exit.
Diverter line pressure at 26 feet from diverter exit.
Diverter line pressure at 65 feet from diverter exit.
Liquid return flow rate.
Injection pressure.
Bottomhole pressure
The experimental values of the peak pressure at diverter 
exit were taken from the strip chart readings instead of 
those gathered and recorded by the microcomputer 
COMPAC-PORTABLE III.
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APPENDIX B
This appendix shows how the gas flow rates were 
calculated based on the standard ANSI/API 2530 described in 
the book "Orifice Metering of Natural Gas" by American 
National Standard (1978).
The following formula is recommended by this standard 
for the calculation of the gas flow rate:
where:
Q h is the gas flow rate in cu. ft./hour at base 
conditions (14.7 psia and 60 °F) .
C' is the orifice flow constant.
hw is the differential pressure in inches of water at
60°F.
p f is the absolute static pressure at downstream 
pressure tap, in psia.
The orifice flow constant can be found by:
The values of all factors shown above can be found in 
tables provided with the standard.
The term Fb is the basic orifice factor. It is taken 
directly from a table. For the conditions existing in the 
experimental runs: pipe inside diameter = 3.826", orifice
Qh = C* • Yhw • pf (b.l)
C' = Fb • Fr • Y • FPb* Ftb* Ftf• Fg* Fpv (b.2)
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diameter = 2.0” and meter tubes using pressure flange taps, 
the value of this factor was 84 9.4.
F is the Reynolds number factor given by:
Fr = 1.0 + *2=    (b. 3)
V h w • pf
where b is a constant for Reynolds number factor 
determination. It is also found in a table and its value was 
0.0430.
Y is the expansion factor given by:
Y = Vl.O + X - (o.41 + 0.35 • B4) — , X . = .........  (b.4)
y Vl + X
where li is the orifice to pipe diameter ratio, y is the ratio 
of specific heats which value was 1.3. The variable X is 
given by:
X = ----^ .... ......................................  (b. 5)
2 7 . 7  • pf
Fpb and Ftb are respectively the pressure and temperature 
base factors. They were equal to 1.
The flowing temperature factor (Ftf) is given by:
Ft f .  . / I  6 0 .0  + 4 6 0 . OF ................................................................  ( b . 6)V ( Tf + 4 60 .0 )
where Tf is the flowing temperature in degrees Fahrenheit.
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The specific gravity factor is given by:
F»  ' ®    ( b - 7 )
while the supercompressibility factor Fpv is expressed by:
-VF.................. (b-8)F pv
The following FORTRAN computer program was written to 
implement the methodology just described.
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C THIS PROGRAM CALCULATES THE GAS FLOW RATE (Q) IN
C MMSCF/D FOR READINGS OF HW (DIFFERENTIAL PRESSURE IN
C INCHES OF WATER), PF (FLOWING PRESSURE IN PSI) AND TF
C (FLOWING TEMPERATURE IN DEGREES FAHRENHEIT).
C IT CALLS SUBROUTINE ZFACHY TO CALCULATE THE GAS
C COMPRESSIBILITY FACTOR USING THE HALL AND YARBOROUGH
C CORRELATION FOR CURVE FITTING THE STANDING-KATZ
C Z-FACTOR CHART (FROM "TWO-PHASE FLOW IN PIPES" BY
































TC = 169.0 + 314.0 * SGFG
PC = 708.75 - 57.5 * SGFG
TR = (T + 459.67) / TC







F = 0.6845 
G = 0.27*PR 
X = G/D 
Z1 = 1.0
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XO = X





XI = XO - FX / FPX 







2 Z = 1.0 
RETURN 
END
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APPENDIX C
This Appendix shows the derivations of the equation of 
continuity for gas and liquid, the equation of momentum 
balance for a two-phase mixture and the equation of state for 
gas.
1) EQUATION OF CONTINUITY
Consider the control volume of Figure C-l(A). The mass 
flow rates of liquid entering and leaving the control volume 
with unit cross sectional area are given respectively by:
pi * • H ................................................ (c.l)
and
Pi • v j  • H + A (pj • v j  • H ) ............................................................................ ( c . 2)
where p2 , v2 , and H are respectively the density, velocity 
and liquid hold-up of liquid.
The net change of mass flux of liquid is given by:
- A ( p 2 »Vi « h ) .................................................................................................. ( c . 3)
Assuming that no mass is generated or lost in the 
element, the variation of mass within an increment of time At













































* - A (pi'H) ......................   (o.4)
At
where Ax is the length of the control volume.
This expression should equal the net variation of mass 
flux (Equation c.3):
A(pJ-v1- H ) * A x , A ^ ,H> ........................... (c.5)
A t
or,
A (pi‘Vi‘H) + A (Pi >H) = o ................................(c>6)
Ax At
making Ax -> 0 and At -> 0, and regarding the liquid as an 
incompressible fluid, the final form of the equation of 
continuity for the liquid phase is obtained:
a(Vl-H)+ j H  . 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (c.7)
9x 9t
The equation of continuity for gas can be derived 
similarly. The corresponding representation of Equation c.6 
for gases is:




Making Ax -> 0 and At -> 0, the final format of the equation 
of continuity for the gaseous phase is obtained:
2) EQUATION OF MOMENTUM BALANCE FOR A TWO-PHASE MIXTURE
The equation of momentum balance is derived from 
Newton's second Law of Motion that states that the time rate 
of momentum of a system must equal the summation of forces 
acting on that system. Thus,
where M is the momentum and Fi are the forces acting on the 
control volume.
Referring to Figure C-l (B), the left side of C-10 is 
given by adding two parcels: a) change of momentum inside the 
control volume during At:




A(pi*Vj*H + pg»Vg»(l-H) ) » Ax 
At
(c.ll)
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and b) the net flux of momentum through the control volume:
| Pjl * Vj * H + pg‘Vg‘(l-H) J2 + ( Pj * * H + pg«Vg«(l-H) )x .. (c . 12}
The right side of Equation c.10 represents the summation 
of all forces acting on the control volume: weight of the 
fluid (W), shear force (X) and pressure forces (Fx and F2) . 
Equation c.10 can be rewritten as:
Alpj'Vj'H + P •VgMl-H) )‘AX f 2 2 \
------------- ~------ 1---  + (P1'VJ*H + Pg-Vg*(l-H} )2
- | pj • V j • H + pg«Vg*(l-H) )1 + W + F2 + F2 + X = 0 .....  (c. 13)
Dividing all terms by Ax and making Ax -> 0 and At -> 0, 
the final format of the equation of momentum balance for a 
gas-liquid mixture in terms of pressure gradients is 
obtained.
a (pj*Vl«H + pg «Vg*(l-H) ) a ( pi • Vj • H + pg *vf »(l-H) )
at a x 
/a p) ^  /a p j + /a_p
/ELEV. \ a x  /FRIC+ - ®  <«•“ >
The term (3p/3x) is the pressure gradient from point 1 
to 2 in Figure C-l (B) ; (3p/3x)ELEV is the hydrostatic 
pressure gradient (fluid weight); and (3p/ax)FRICi represents
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the friction pressure gradient (shear force).
In the system of units used in this dissertation (refer 
to Nomenclature section), the two first terms of Equation 
c.14 are multiplied by a conversion factor equal to 0.00161.
3) EQUATION OF STATE
The equation of state for non-ideal gases used in this 
work is derived from the following relationship:
p - — P * M—  ...................................... (c.15)
9 R • T • Z
where R is the Universal Gas Constant equal to 80.19 (psia • 
gal) / (lb-mole • °R) . The gas molecular weight can be re­
presented by:
M = 28.97 • (SG) ..................................... (c. 16)
where SG is the gas specific gravity. By plugging this 
relationship and the value of R into Equation c.15, the 
following equation results:
? • 28.97 • (SG) ............................... (c 1?)
9 80.19 • T • Z
The final form of the equation of state for gases with 
gas density in lbm/gal is then:
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Pg “
_ 0.3 61 « p * (SG)
T
(c.18)
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APPENDIX D
This Appendix shows the calculation procedure for 
frictional pressure losses used in this work to model the 
flow of the unmixed drilling fluid moving ahead of the 
gas/liquid mixture.
The numerical simulator uses the methodology for 
determining friction pressure losses described in the book 
"Well Design - Drilling and Production" by Craft et al. 
Experimental results (described in Appendix E) have shown 
that the unmixed drilling fluid can be modelled by the power 
law rheological model, including water that is a particular 
case of that rheological model.
The gradient of frictional pressure losses for pipe flow 
of a fluid that follows the power-law rheological model can 
be evaluated by using the modified Fanning equation:
where f is the Dodge-Metzner friction factor which is a 
function of the flow behavior index (n') and the modified 
Reynolds Number given by:
1,86 I n )  • p • v 2 " "
RnP = --------    (d-2)
— n . i
8 • k;
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where K'p is the consistency index for pipe flow in lbf • 
secn/ft2. If laminar flow occurs, the friction factor is 
evaluated by:
For flow in annuli, Equation d.l is still used provided 
that the pipe diameter d is replaced by the equivalent 
diameter (de) defined as the difference between the outer and 
inner diameters. The Reynolds Number for annuli flow is 
given by:
where k'a is the consistency index for annuli flow. It is 
related to k'p by the following relationship:
(d • 3)
n
2 -  n
•  p  •  V
R na (d.4)
(d.5)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
271
If laminar flow exists inside an annulus, the friction factor 
is evaluated by:
f = I 1  ............................................  Id.6)
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APPENDIX E
In this appendix, three rheological models are evaluated 
by comparing their predictions with the experimental results 
of the steady state hydraulic tests described in Chapter III. 
This comparison was useful in determining the most accurate 
calculation procedure to compute the frictional pressure 
losses in the unmixed drilling fluid flowing ahead of the 
gas/liquid mixture.
The investigated calculation procedures are listed 
below:
A) Binghamian model with the rheological properties (plastic 
viscosity in cp and yield point in lbf/100 ft2) evaluated by 
the following field equations:
where R represents the viscometer readings at 300 and 600 
RPM.
PV — R600 r 300 (e.l)
and
YP = R300- PV (e.2)
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B) Binghamian model with the rheological properties evaluated 
from plots: Figures 21 to 23 in Chapter III.
C) Power-law model using the rheological properties evaluated 
from logarithmic plots: Figures 24 to 26 in Chapter III.
Table E-l shows the comparison between the predicted and 
calculated injection pressures for each hydraulic test 
described in Chapter III. Based on these results, the 
power-law rheological model was chosen to model the flow of 
the unmixed drilling fluid displaced by the gas/liquid 
mixture. The calculation of the injection pressure includes 
a localized pressure drop caused by a restriction at the 
bottom of the well.








































PV = 4.4 ; YP = 0.7 55.2 12.4





PV = 16.0 ; YP = 14.0 65.4 13.3
Binghamian
(Plot)
PV = 17.9 ; YP = 10.4 52.1 9.7







PV = 8.0 ; YP = 5.0 57.5 17.6
Binghamian
(Plot)
PV = 9.0 ; YP = 2.6 54.3 11.0
Power-Law n = 0.467 ; K'=7.6E-3 42.9 12.3
Table E-l Comparison between rheological models
ro
APPENDIX F
PROCEDURE FOR CALCULATING PRESSURE DROP 
THROUGH RESTRICTIONS
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APPENDIX F
The use of a pressure sensor inside the tubing string 
imposed a restriction to the flow at the bottom of the well. 
Figure 30 in Chapter IV shows the bottomhole configuration 
which is presumed to exist, assuming that the tubing string 
did not undergo any mechanical damage during the running, 
cementing, and cutting operations.
To make possible the calculation of pressure drop across 
that restriction according to a methodology presented by the 
Crane Company (1982), the bottomhole configuration was 
modelled by the two geometries shown in Figure F-l.
The orifice model assumes that the fluid flowing through 
an equivalent circular area to the tubing string with the 
electrical cable running inside is forced to flow through a 
circular orifice that has the same area as the tubing string 
with the logging tool inside. The resistance coefficient Kc 
for this orifice was found by using the Crane Company 
procedure:
a) Determination of B (small to large orifice diameter ratio)
jj - Small diameter _ 1.822 = q .763 ..................  (f.l)
Large diameter 2.389




























































b) Determination of C (Flow coefficient for squared-edge 
orifices) from Figure F-2.
For 15 = 0.763 and assuming a very high Reynolds Number, 
the coefficient C is found to be 0.76.
c) Determination of K0
K , =  ( 1 -  ° 2 ) =  ( 1 - ° - 7632 > = 2 . 1 ...........................................  ( f . 2 )
C2 • J52 0.762 • 0.7632
The annular space model assumes that the logging tool is 
concentrically placed inside the tubing string. The 
resistance coefficient KflN for this model is evaluated as 
follows:
a) Determination of the annulus relative roughness (£/de) .
The absolute roughness £ is assumed to be 0.00065 
inches. The equivalent diameter de is given by the difference 
between the outer and inner diameters. Thus,
°-00065 = 0.0008   (f.3|
de 2.441 - 1.625
b) Determination of the friction factor f from Figure F-3.
For a relative roughness of 0.0008 and assuming a very 
high Reynolds Number, f is equal to 0.02.


















Flow Coefficient C for Square Edged Orifices 7.17
C  - c4
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Figure F-3 Friction factors for pipes (after Crane, 1982)
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c) Determination of KAN
K - f * L - °-°65 ( 3 12 ) _ If 4)
Kan" de " 2.441 - 1.625 “ ' . 1 1
where L is the length of the annular space in inches.
The total restriction resistance coefficient (K) is 
given by:
Kan = K0 + Kan = 2.1 + 0.9 = 3.0..................... (f.5)
The equation of pressure drop for flow of liquids
through restriction is given by:
Ap = 0.0008 • K • Pj • Vj ............................  (f-6)
where Pj is the liquid density in lbm/gal and v 2 is the
velocity of liquid through the restriction in ft/sec. The 
pressure drop is given in psi.
For gas/liquid mixtures flowing through restrictions, 
Equation f.6 was modified to yield:
0.0008 • K • pm • v2 
Ap = ------------- ^ ----2-............................ f.7
Y2
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where vm is the mixture velocity through the restriction in 
ft/sec and pm is the mixture density in lbm/gal defined as:
Pm =  Pi * H + Pg * ( 1 “. . . . H ) . . . . . . . . . . . . . . . . . .  (f • 8)
The gas expansion factor Y is given by:
Y = 1.0 - ( 0.41 + 0.35 • JS4 ) | Pp j ........................  ( f . 9)
where Ap is the pressure drop through the restriction and P 
is the upstream absolute pressure in psia. The ratio of 
specific heats (y) is assumed to be 1.3. Thus,
Y = 1.0 - ( 0.41 + 0.35 • 0.7634 ) |^  P- j .......  (f. 10)
or,
Y = 1.0-0.40 ..........................  (f-11)
\  P  I
The solution of Equation f.7 requires an iterative 
process once Y depends on Ap which is the value sought.
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